E 
& 
X 
w 
cs 
S 
D 
a 
° 
nN 
N 
N 
= 
3 
> 
N 
fo) 
fe) 
® 


aunjeu/wiosainjeumman 


ERNATIONAL WEEKLY JOURNAL OF SCIENCE 


THEFIRST 
EUROPEAN? 


The jaw that puts humans in 
Spain a million-plus years ago - a 


a 
 CARBONNAN \q 
Electron spin-orbit coupling 


The genetic network of a disease 


Retina cells are looking up 


$10.00US $12.99CAN 


1 


4.86'0. é 


Vaccine design 


or 


Prestige Antibodies” 


The most ad characterized antibodies in the industry — 
l¢ | Prestige Antibodies™, Powered by Atlas Antibodies. 


Designed & validated by the Human Proteome Resource (HPR) 
Standardized in universal protocols 


= Over 500 immunohistochemical images for every antibody 
= Publicly available data on the web 


Look even closer. Go to sig for more information. 


Our Innovation, Your Research —Shaping the Future of Life Science 


Anti-BID Cat No, HPAOO0722 
on A-431 cells shown in green, 
nucleus in blue, microtubules in 
red and endoplasmic reticulum 
(ER) in yellove 


Just one of the over 500 IF, 
IHC and We images availble 


LOST: 


Ability to detect proteins with 


chemiluminescence after 4 hours 


whe 


Detect proteins with the brightest, longest-lasting western blot detection chemistry! 


Westem-Superstar’ Competitior’s Kit 
Detection 
immediate 


30min 


Tropix® Western-Superst Immunodetection Sys 
chemilumin western blotting kit c ket, and offers five- to 
ten-fold higher inter than competitors’ prodi 


You choose when you want to expose your blot after adding the substrate 
(ir ately or up to 4.5 di 
You choose the membrane (PVDE nitrocellulose or 
aging method (CCD imager or xray film) 
Du want te and reprobe (up to 3 times) 


FIND your protein with Western-SuperStar’ Immunodetection System! 


Applied 
Bibsystems 


For Research Use Only. Not for use in dagnostic procedures. © 2008 Applied Biosystems. Al rights reserved. Applied Biosystems, AB (Design), and Topix are registered trademarks and Westem- Superstars a trademark of Appera 


Corporation crt subsidiaries inthe U.S and/or certain other counties, 


Available Now 
From the Makers of BioCentury and Nature 


kly publication designed to improve the efficiency and 
speed with which innovative life science research is translated into 
commercial value. ; 


SciBX provides the scientific 
context, commercial impact 
and critical next steps 
required to more effectively 
manage biopharma business. 


a 


Phire™ Hot Start DNA Polymerase 
— speed and specificity for PCR 


Finnzymes’ novel PCR enzyme outperforms every Tag-based hot start 
polymerase on the market. Phire DNA Polymerase is an ideal solution 
for routine and high throughput PCR applications. 


Amplify 3 times faster than with hot start Taq 
Unique hot start technology with zero-time reactivation 
Efficient PCR results in more product 


For more information visit www.finrzymes.com 
To receive a sample please contact your local distributor. 


NEW ENGLAND 
«Distributed in the US and Canada by New England Biolabs. 
Sine. Other cunts vit rates 


the lader in enzyme technolegy 
Phire isa trademark of Finnzymes Oy. 


Hol start Tag DNA polymerases 
ied Antibody-based 


Chemically mo 


80min = 82min = GDmin 100 min 


Abundant yields in shorter time. 1.0 kb fragment from the hurian glutathione 
peroxidase gene was amplified with five different hot stax DNA polymerases 
according to suppliers recommendations. After PCR, duplicates ofeach reaction were 
run on a1 % agarose gel Total cycling timas indicated a bottom. 


S FINNZYMES 


= 


Revolutionary technology. 8 readings in under 30 seconds. 
The NEW NanoDrop® ND-8000 8-Sample Spectrophotometer 
is powerful — eight 1 pl samples at once. 


Full spectrum UV/Vis analysis of 1 ul samples for quantitation, 
purity assessments and more: nucleic acids, microarrays, 
proteins and general spectrophotometry. 

Measurement is quick and easy — pipette up to eight samples 
and measure. Each sample is read using two path lengths 
to achieve an extensive 


Now Part of Thermo Fisher Scientific 


dynamic range 

(e.g., 2-8700 ng/ul dsDNA), 

virtually eliminating the need for dilutions. Then just a quick 
wipe clean and you're ready for your next samples. What 
could be easier — or more powerful? 

And for the power of small in singe-sample absorbance 
cr fluorescent measurements, check out the NanoDrop® 
ND-1000 Spectrophotometer or the NanoDrop® ND-3300 
Fluorospectrometer (ultra low fluorescent detection limit of 
sample mass — e.g., 2 pg dsDNA). 


Ready to experience the power of small x8? Test a 
NanoDrop® ND-8000 8-Sample Spectrophotometer 
in your own lab. 


FREE one-week evaluation www.nanodrop.com 
302.479.7707 


a NanoDrop 


(©2008 NancOrop Tectnotoges, ne. 


www.nature.com/nature 


Nature Publishing Group 
The Macmillan Building, 
Crinan St, London N19XW, UK 
e-mail: nature@nature.com 


NATURE'SMISSION, 1869: 

“The objective which itis 
proposed to attain by this 
periodical may be broadly stated 
as follows, Its intended, first, to 
place before the general public 
the grand results of scientific 
work and scientific discovery; 
andto urge the claims of science 
to move toa more general 
recognition in education and 

in daily life... Secondly, to aid 
scientific men [sic] themselves, 
by giving early information of all 
advances made in any branch of 
natural knowledge throughout 
the world, and by affording them 
an opportunity of discussing the 
various scientific questions which 


arise from timeto time? 
Nature's mission statement was 
updatedin2000: 
 www.nature.com/nature/about 
Submissions and Guide to Authors: 
 worw.nature.com/nature/authors 


Author andreferee policiesand 
services: 
} wonw.nature.com/authors 


‘Nature® (ISSN 0028-0836) published by 
Nature Publishing Group, dvision of 
Macrillan Publishers td (The Macmilan 
Building 4 Crnan Street, London NISXW). 
Regisieredasa newspaper althe British Post 
Office. 

Northand South American orders toNature, 
‘Subscription Dept, 342 Broadway PMB 301, 
New York NYI0 013-3810, USA. 

Other ordersto Nature, Brunal Road, 
Basingstoke, Hants RG2T2XS, UK. 
Authorization to photocopy material for 
internal or personal use, or internal or 
personal use of speci clients is granted by 
Nature to ibraries and others registered with 
the Copyright Clearance Center (CCO) 
‘TansactionalReportng Service, provided the 
relevent copyright feeis paid rect to CCC,222 
Rosewood Drve, Danvers MACI923 USA. 
Identification code forNature:0028-C836/03 
‘CPC PUB AGREEMENT #4003274 

Inthe US Nature (ISSN 0028-0836)is 
published weekly on Thursday, excep the last 
‘weekin December by Nature Publishing Groun 
‘75 Varick St, thFl, New York NY 10013-4917, 
USA. US Periodicals postage naidat New 
YorkNNY, and additional mailing post ffces. 
US POSTMASTER: send address changesto 
Nature, Subscription Dept, 342 Broadway 
PMB301, New York NY 10013-3910, USA. 
Published in Japan by NPG Nature Asia-Pacific, 
(Chiyoda Bulcing, 2-37 chigayatamach, 
Stinjulas-kuy, Toyo 162-0843, Japan, 

(© 2008 Nature Publishing Group 


nature publishing group 


FRAUCH 


387 


390 


391 


392 


393 


394 


397 


398 


400 


404 


406 


409 


EDITORIALS 

In honour of Arthur C. Clarke | Traditional 
media are neglecting coverage of science | 
Fast-moving fields sometimes suffer from 
the haste to publish 


RESEARCH HIGHLIGHTS 
Extending antihydrogen's lifespan| 
Travertine landscapes modelled | Howsea 
squirts avoid self-fertilization| Fluorescent 
tag for fats and sugars | Stopping atoms in 
their tracks | Staggered galactic formation 
| Alligators ona roll| Algae can block coral 
bleaching 

JOURNAL CLUB A big step towards 
verifying the quantum spin Hall effect 
Moty Heiblum 


NEWS 

Fundamental research grantsto suffer 
in new round of UK funding cuts | String 
theorists meet totie up loose ends 
SIDELINES 

SPECIALREPORT Can captive breeding 
save amphibians from extinction? 

Your laptop as part of a worldwide 
earthquake tracking network 

NEWS IN BRIEF 


NEWS FEATURES 


Chemistry: The photon trap 
Katharine Sanderson 

Biodiversity: Frozen futures 

Michael Hopkin 

Stem cells: Five things to know before 
jumping on the iPS bandwagon 

David Cyranoski 


CORRESPONDENCE 

Canada committed to science | Grant 
proposals should be centralized | Living in 
Stlouis 


History man: a personal view of Germany in Europe, p.4T1 


Vol 452 | Issue no. 7186 | 27 March 2008 


nature 


Will we evermatch plants at photosynthesis? Page 400. 


422 


497 
498 


502 


BOOKS & ARTS 

Der Wissenschaftsmacher by Reimar List 
in dialogue with Paul Nolte 

Reviewed by StefanKlein 

EXHIBITION Color Chart: Reinventing 
Color, 1950 to Today, at MoMA 
Christopher Turner 

EXHIBITION Mind, at San Francisco's 
Exploratorium 

Jascha Hoffman 

EXHIBITION Maria Sibylla Merian & 
Daughters: Women of Art and Science, in 
Amsterdam and Los Angeles 

Jenny Meyer 

Hidden treasures: Florence's botanical 
collection 

Alison Abbott 


NEWS & VIEWS 

Catalysis: Triumph of a chemical underdog 
Gorka Peris & Scott J Miller 

Circadian rhythms:Stemcellstraffic in 
time 

David T Scadden See Article p.442 
Astronomy: Starbursts near and far 

Yu Gao 

Nanoelectronics: Spin surprise in carbon 
Arne Brataas See Letter p.448 
Neuroscience: Strength in numbers 
Nelson Spruston See Article p. 436 
Analytical chemistry: Do-it-yourself 
microfluidics 

Tim Lincoln 

Obituary: Joshua Lederberg (1925-2008) 
Baruch S Blumberg 


NATUREJOBS 

PROSPECTS 

SPECIAL REPORT Vaccines: The art of self- 
defence 

Virginia Gewin 


FUTURES 
Acting up 
Elizabeth Counihan 


BKAYES/M FILLER 


Innovative Discovery Tools for Signal Transduction Research 


PathScan’ Sandwich ELISA Kits 


..from Cell Signaling Technology 


PathScan® Cell Growth Multi-Target Sandwich ELISA Kit #7239 


Akt] 

Phospho-Aktt (Ser473)—| 
Phospho-Aktt (Thr308)—| 
44/22 MAP Kinase 


| Phospho-p44/42 MAPK (Thr202/Tyr204)— 
H a $6 Ribosomal Protei 
2 Phospho-S6 Ribosomal Protein (8012357235) — ee — 
4 40 20 40 80 POGF(nin) 
Aigponma Pon Treainent of MH/3T3 cells with POGF ir pol 
Is i 
; 4 | | | (U ase 8 Fevers Pela (SerZ28726)em Thre and Ser473, $6 Ribosomal Protein at Se 
Ly Phosoho-Akt (Thr08) op ales detected bythe PathScar® Cll Growth Mult 
0 er a et ear HAP (202204) ind ee a 
Time (minutes) 
a _ | 
New PathScan® Multi Target ELISA Kits Available 
PathScen® Inflammation Mull-Target Sandwich ELISA Kit #7276 @ 
PathScen® Cell Growt’ Muli-Target Sandwich ELISA Kit #7239 Trew) 
Cell Signaling Technol logy (CST) has applied its antibody PathScen® MAP Kinase Multi-Target Sandwich ELISA Kit #7274 fnew} 
expertise to i lentify antibody pairs with optimal activity PathScan® Signaling Nodes Multi-Target Sandwich ELISAKit #7272 UD 
in sandwich ELISAs. These assays enable the detection of yer gq pathScan® Sandwich ELISA Kits avaiable, including... 
low amounts of target protein from cell lysates. PathScan® Sandwich PathSean® ELISA 
Target ELISA Kits ‘Antibody Pair 
Phospho-4E-BP1 (Thi37/Thr46) #216 
:: In-house development, production and validation Total 4E-BP1 Sandwich ELISA Kit GD si79 
ensures the highest kit quality Phospho-Akt (Thr308) #7252 #1144 
Phospho-Aktt (Ser473) #7160 #11483 
:: Technical support provided by the same scientists that develop i zn fre 
. atenin 
and produce the kits Phospho-EGF Receptor (Tyr1068) #7240 
sg bios ee aed Acetylatd Histone H #232 #7209 
:! Matched modification state and total ELISA kits available Phospho-HistoneH3 eri0) #66 a 
2 , Phospho-InB-«. (Ser92) 47355 
2 Custom 96- and 384-well formatting available upon request Phospho RS (panTy (ev ee Ti 
264, +k, 5 | Phospho-IRS-1(Ser302) #7283 #7284 
ipoelect ant vooy' pamiaralabeseparaiey: Phospho-c-Kit(Tyi718) GD 7288 #7299 
: ae é Phospho-MEKi (Ser217/224 Hit #01 
:: New multtarget kts available for parallel analysis of several eee tl He al 
signaling molecules Phospho-p38c MAPK (Thy 180/Tyr182) #7140 nei 
Phospho-p44/42 MAPK (Thr202/Tyr204) QU #717 #7246 
Phospho-Sé Ribosomal Protein Ser236/238) #7205 #201 
$6 Ribosomal Protein #7205 #7208 
Phospho-Stat3(Tyr705) #7300 #146 
Phospho-TrkA (Tyi490) #210 


Fora complete product listing visit... 


www.cellsignal.com @ Cell Signaling 


TECHNOLOGY® 


Orders (toll-free) 1-877-616-CELL (2355) orders@cellsignal.com Fax ordering 1-978-867-2488 Technical support (toll-free) 1-877-678-TECH (8324) suppert@cellsignal.com Inquiries info@cellsignal.com 


www.nature.com/nature 


Vol 452 | Issue no. 7186 | 27 March 2008 


Postcards from the 
Moon, Futures, p.502 


ARTICLES 

Genetics of gene expression and its effecton disease 

V Emilsson, G Thorleifsson, B Zhang, A S Leonardson, F Zink, J Zhu, 
S Carlson, A Helgason, G B Walters, § Gunnarsdottir, MMouy, 

V Steinthorsdottir, G H Eiriksdottir, G Bjornsdottir, | Reynisdottir, 

D Gudbjartsson, A Helgadottir, A Jonasdottir, A Jonasdottir, 

U Styrkarsdottir, $ Gretarsdottir, K P Magnusson, H Stefansson, 

R Fossdal, K Kristjansson, H G Gislason, T Stefansson, BG Leifsson, 
U Thorsteinsdottir, JR Lamb, J R Gulcher, ML Reitman, A Kong, 
EESchadt & KStefansson 

Variations in DNA elucidate molecular networks that cause disease 
Y Chen, JZhu,P Y Lum, X Yang, $ Pinto, D J MacNeil, C Zhang, J Lamb, 
S Edwards, S K Sieberts, A Leonardson, L W Castellini, S Wang, 

M-F Champy, B Zhang, VEmilsson, SDoss, A Ghazalpour, S Horvath, 
T ADrake, A J Lusis & E ESchadt 

Compartmentalized dendritic plasticity and input feature storage 
in neurons 

Alosonezy, J K Makara & JC Magee See NEV p.420 
Haematopoietic stem cell release is regulated by circadian 
oscillations 

S Méndez-Ferrer, D Lucas, M Battista & P SFrenette See N&V p. 416 


LETTERS 
Coupling of spin and orbital motion of electrons in carbon nanotubes 
F Kuemmeth, §llani, D C Ralph& PL McEuen See N&V p. 419 


423 


429 


436 


442 


448 


NATURE ONLINE 


453 


456 


460 


465 


470 


473 


478 


483 


487 


492 


Proline-catalysed Mannich reactions of acetaldehyde 

JW Yeng, C Chandler, M Stadler, DKampen &B List 

‘Tracing the stepwise oxygenation of the Proterozoic ocean 

C Scott, T W Lyons, A Bekker, Y Shen, S W Poulton, X Chu 

& ADAnbar 

Lower-crustal intrusion on the North Atlantic continental margin 

RS White, LK Smith, A W Roberts, PA FChristie, NJ Kusznir 

& the rest ofthe iSIMM Team 

The first hominin of Europe 

E Carbonell, J M Bermtidez de Castro, J M Parés, A Pérez-Gonzélez, 

G Cuenca-Bescés, A Ollé, M Mosquera, R Huguet, J van der Made, 
ARosas, R Sala, J Vallverdd, N Garcia, D E Granger, M Martinén-Torres, 
XP Rodriguez, G M Stock, J M Verges, E Allué, F Burjachs, 

Caceres, A Canals, A Benito, C Diez, M Lozano, A Mateos, M Navazo, 
JRodriguez, J Rosell &JL Arsuaga 

Pleiotropic scaling of gene effects and the ‘cost of complexity’ 

GP Wagner, J P Kenney-Hunt, M Pavlicey, JR Peck, D Waxman. 

&JM Cheverud 

‘The Drosophila pheromone cVA activates a sexually dimorphic 
neuralcircuit 

SR Datta, ML Vasconcelos, V Ruta, S Luo, A Wong, E Demir, J Flores, 
K Balonze, BJ Dickson & R Axel 

Molecular identification of aretinal celltype that responds to upward 
motion 

|-J Kim, ¥ Zhang, M Yamagata, M Meister & J R Sanes 

CO, regulator SLAC1 and its homologues are essential for anion 
homeostasis in plant cells 

JNegi,O Matsuda, T Nagasawa, Y Oba, H Takahashi, 
MKawai-Yamada, H Uchimiya, M Hashimoto & K Iba 

SLACIis required for plant guard cell S-type anion channel function in 
stomatal signalling 

T Vahisalu, H Kollist, Y-F Wang, N Nishimura, W-Y Chan, G Valerio, 
ALamminmaki, M Brosché, H Moldau, RDesikan, J Schroeder 

& J Kangasjarvi 

SIRT6is a histone H3 lysine 9 deacetylase that modulates telomeric 
chromatin 

E Michishita, R A McCord, E Berber, M Kioi, H Padilla-Nash, 

M Damian, P Cheung, RKusumoto, T L A Kawahara, J C Barrett, 

HY Chang, VA Bohr, T Ried, O Gozani &K F Chua 


JACEY 


ADVANCE ONLINE PUBLICATION 

PUBLISHED ON 23 MARCH 2008 

Thegenome of the model beetle and pest Tribolium castaneum 

Tribolium Genome Sequencing Consortium 

 doi:10.1038/nature06784 

REST maintains self-renewal and pluripotency of embryonic stem cells 

SK Singh, MN Kagalwala, ) Parker-Thornburg, H Adams & S Majumder 

$ doi10.1038/nature06863 

Control of T,,,andT,17 cell differentiation by theary! hydrocarbon receptor 
FJ Quintana, AS Basso, A H Iglesias, T Korn, MF Farez, E Bettelli, MCaccamo, 
M Oukka & HL Weiner 

9 doi:10.1038/nature06880 

Thearyl hydrocarbon receptor links T,,17-cell-mediated autoimmunity to 
environmental toxins 

M Veldhoen, K Hirota, AM Westendorf, J Buer, L Dumoutier, J-C Renauld 
&BStockinger 

9 doi:10.1038/nature06881 

PUBLISHED ON 26 MARCH 2008 

Sequence- and target-independent angiogenesis suppression by 

siRNA viaTLR3 

MEKleinman, K Yamada, A Takeda, V Chandrasekaran, M Nozaki, J Z Baffi, 
RJC Albuquerque, S Yamasaki, M Itaya, Y Pan, B Appukuttan, D Gibbs, Z 
Yang, K Karik6, B K Ambati, T A Wilgus, LA DiPietro, E Sakurai, K Zhang, 
IR Smith, E W Taylor & J Ambati 

$ doi:10.1038/nature06765 


LNA-mediated microRNA silencingin non-human primates 

JElmén, M Lindow, S Schiitz, M Lawrence, A Petri, S Obad, M Lindholm, 
MHedtiarn, H F Hansen, U Berger, S Gullans, P Kearney, P Sarnow, 

EM Straarup & $ Kauppinen 

§ doi:101038/nature06783 

Retinotopic order in the absence of axon competition 

NJ Gosse, LM Nevin & H Baier 

§ doi101038/natured68i6 

‘TGF-B-induced Foxp3 inhibits T,,17 cell differentiation by antagonizing 
RORyt function 

L Zhou, J E Lopes, MM W Chong, | | lvanov, R Min, G D Victora, Y Shen, J Du, 
YP Rubtsov, A Y Rudensky, SF Ziegler & D R Littman 

$ doi101038/natured6878 


PODCAST LATEST 

Eachweekthe Nature podcast mines the current 
issue and the week's new online offerings for the 
background on the hottest stories. 
twwwinature.com/podcast 


For the podcast archive (in mp3 format)and 
English transcripts of previous episodes, visit: 
thttp://tinyurl.com/k62cvt 


vii 


nature 


geoscience First issues now published 


nature a nature | —"** 
geoscience PCOSCICNCE 


setiigh nitgen gittoce The global — 0 


With Nature Geoscience now published and online, visit www.nature.com/naturegeoscience to browse the 
contents list and abstracts published to date. These first issues reflect the journal's broad scope, publishing 
science spanning the Earth's core, oceans, glaciers, the atmosphere and the planets, using chemistry, 
physics and biology, and field work as well as modelling. A snapshot of this content published to date includes: 


Progress article: Widening of the tropical belt in a changing climate, Dian J. Seidel, Qiang Fu, William J. Randel 
& Thomas J. Reichler 


Progress article: Biophysical controls on organic carbon fluxes in fluvial networks, Tom J. Battin, Louis A. Kaplan, 
Stuart Findlay, Charles S. Hopkinson, Eugenia Marti, Aaron |. Packman, J. Denis Newbold & Francesc Sabater 


Review article: Core-mantle boundary heat flow, Thorne Lay, John Hernlund & Bruce A. Buffett 
Review article: The methane cycle on Titan, Jonathan I. Lunine & Sushil K. Atreya 
Letter: Persistent earthquake clusters and gaps from slip on irregular faults, Tom Parsons 


Letter: Decreased abundance of crustose coralline algae due to ocean acidification, /lsa B. Kuffner, 
Andreas J. Andersson, Paul L. Jokiel, Ku'ulei S. Rodgers & Fred T. Mackenzi 


Letter: Atmospheric carbon dioxide linked with Mesozoic and early Cenozoic climate change, Benjamin J. Fletcher, 
Stuart J. Brentnall, Clive W. Anderson, Robert A. Berner & David J. Beerling 


Letter: A recent volcanic eruption beneath the West Antarctic ice sheet, Hugh F. J. Corr & David G. Vaughan 


Enjoy the ‘backstory’, a new section specific to Nature Geoscience. In the form of a question-and-answer piece 
geoscientists tell the story of their research before it was written up neatly in a paper. In the first issue's 
‘packstories’ read about the commute to work by helicopter in the high Arctic; about a black bear climbing 
easily up an Alaskan glacier moraine that was such a struggle to the scientist and the experience of the team 
who crossed the equator on the day of the autumn equinox. 


Visit www.nature.com/naturegeoscience to find out more, including options to register for 
the monthly content e-alert, subscription information and submission guidelines. 
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‘STEM CELL FEVER Areport last December 
that mice with a human sickle-cell anaemia 
disease trait had been successfully treated 
with skincells reprogrammed to become 
pluripotent — capable of generatingmany 
celltypes —raised the media profile of 
iPSCs (induced pluripotent stem cells) from 
high to frenzied. They have been hailed as 
a breakthrough in stem cell therapy, even 
as sufficient grounds for stopping work on 
therapeutic cloning and embryonic stem 
cellresearch. Not surprisingly, therehas. 
been exaggeration and misunderstanding 
inmuch of the speculation as towhatcan 
be achieved with iPSCs. David Cyranoski 
takes a considered view of the iPSC scene, 
andattempts to separate fact from fiction. 
[News Featurep. 406] 


OPEN SECRET This week's ‘Hidden 
Treasure’, the Herbarium Centrale Italicum, 
now part of the botanical collection of 
University of Florence, was founded in 
1842. That's long before the unification 

of Italy — in fact the herbarium was 

one of the early fruits of the unification 


Sheltlfe: from Florence's historic herbarium. 


movement. One of the great collections, 
with important material from Italy's 
former colonies in Africa, the collection is 
still open, in the sense that new material is 
still being added. Anditis open to visitors 
by appointment. [Books & Arts, p.414] 


RADICLESOLUTIONS The Svalbard Global 
Seed Vault, built underground near the 
village of Longyearbyen on theisland of 
Spitsbergen in Norway, isnowopenand 
gathering seeds. With itstemperature 
guaranteed for the foreseeable future by 
its Arctic surroundings, itis the ultimate 
back-up to the 1,400 national and regional 
seed banks worldwide. But more needs 
tobe done to safeguard food diversity. 
Some experts are advocating a pro-active 
programme of genetic manipulationto 
breed andgrow crops that can resist 
drought and other impending dangers. 
Michael Hopkin reports. [News Featurep. 404] 
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Specialization in the retina 


The function of any neural circuit, such as the 
retina in the eye, is directly related to its con- 
nectivity, as determined by the functions of 
different classes of neuron and their choice of 
partners, Those attributes are governed by the 
genetic make up and molecular interactions of 
each neuron, but it has been difficult to dem- 
onstrate a continuous link from the genetic 
level to that of cellular structure and circuit 
function. In-Jung Kim et al. have developed a 
novel multidiscliplinary approach to the prob- 
lem and apply it to retinal ganglion cells. They 
have discovered a new type of retinal neuron, 
identified by a genetic marker, with a unique 
cell shape, and a unique function, All cells of 
this type ‘point’ in a single direction. Remark- 


The only ways up:awhole-retina display of ‘up’ neurons. 


ably, these cells respond best to objects mov- 
ing in the direction predicted biophysically by 
their structure: upwards. The finding raises 

an intriguing question: why has the mouse 
invested so heavily in sensitivity to upward 
motion? [Letter p. 478; www.nature.com/podcast]] 


One of the most debated topics in stone-age 
archaeology isthe date of the earliest human 
occupation of Europe. This has been frustratingly 
hard to establish, becausethe ages of the 
oldest-known occupation sites are hard to pin 
down with precision, and the sites contain stone 
tools rather than human remains, Now there is 
something more solid to go on, with the discovery 
of a human lower jaw associated with stone tools 
andanimal bones from the Sima del Elefante 
cave deposit at the famous complex of fossi- 
human-bearing sites at Atapuerca in northern 
Spain. The finds have been dated to between 1.1 
and1.2 million yearsold using a variety of dating 
techniques. Of course it's impossible to know if 
these hominins werethe first Europeans, but this 
site is certainly the oldest and most accurately 
dated record of human occupation in westem 
Europe. The cover shows the key find, mandible 
fragment ATE9-1, now in the Centro Nacional 

de Investigacién sobre la Evolucién Humana, in 
Burgos. [Letter p.465; wwwnature.com/podcast] 


Spinning into control 


Carbon-based materials are seen as promising 
candidates for applications stich as spintronics 
andas spin qubits, as their electron spins 

are thought to be exceptionally stable. In 
particular, it was assumed that the effect of 
electron spin coupling to its orbital motion 
—asoutce for spin decoherence — is 
negligible. Kuemmeth et al, have now 
disproved this assumption. Based ona 
detailed set of electronic transport measure- 
ments on high-quality, clean, single-walled 
carbon nanotubes, they observe direct sig- 
natures of electron spin-orbit coupling. The 
findings may lead to new design principles for 
the realization of qubits in nanotubes. And 
the observed spin-orbit coupling may prove 
to bea valuable toal as a mechanism for all- 
electrical control of spins in carbon nano- 
tubes. [Letter p. 448; News & Views p.419] 


Obesity gets complicated 


Complex human diseases result from the 
interplay of many genetic and environmental 
factors. To build up a picture of the factors 
contributing to one such disease, obesity, 
gene expression was evaluated as a quantita- 
tive trait in blood and adipose tissue samples 
from hundreds of Icelandic subjects aged 18 
to 85. The results reveal a tendency to certain 
characteristic patterns of gene activation in 
the fatty tissues — though to a much lesser 
extent in the blood — of people with a higher 
body mass index. A transcriptional network 
constructed from the adipose tissue data has 
significant overlap with a network based on 
mouse adipose tissue data. [Article p. 423] Exper- 
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imental support for the idea that complex 
diseases are emergent properties of molecular 
networks influenced by genes and environ- 
ment comes from astudy in mice. Mice were 
examined for disturbances in genetic expres- 
sion networks that correlate with metabolic 
traits associated with obesity, diabetes and 
atherosclerosis. Three genes — Lpl, Lactb 
and Ppmi! — were identified as previously 
unknown obesity genes. This ‘molecular 
network’ approach raises the prospect that 
therapies might be directed at whole ‘disease 
networks, rather than at one or two specific 
genes. [Article p.429; Author page] 


Stemcells got rhythm 


Haematopoietic stem cells (HSCs) circulate 
in the blood, where they can home to sites 
throughout the body. The release of these cells 
into the blood stream has now been found to 
be regulated by circadian rhythms. In mice, 
HSCs undergo pronounced fluctuations cor- 
responding to circadian oscillations induced 
by continuous light or bya 12-hour time-shift 
or jet lag. Timing of the expression of the 
chemokine CXCL12 in the stem cell niche was 
also in step with the oscillations in response to 
adrenergic signals delivered locally by nerves 
in the bone marrow. The rhythmic release of 
stem cells into the blood during the animals 
resting period suggests a possible role in 
regeneration. [Articlep. 442; News & Views p. 416] 


More Mannich reactions 


Traditionally, catalysts for organic chemical 
reactions have been either enzymes or metal 
complexes. But small organic molecules, 
known as organocatalysts, have recently burst 
on to the scene. Organocatalysts are effec- 
tive in promoting in a wide range of useful 
transformations, including a carbon-carbon 
bond forming process known as the Mannich 
reaction. But frustratingly, these reactions 
have always failed when the simplest possible 
substrate, acetaldehyde, was used. Yang et al. 
have now filled this gap in the organocatalysis 
spectrum by establishing effective catalytic 
conditions for Mannich reactions with acetal- 
dehyde. This greatly expands the chemical 
‘toolkit’ of organic chemists, and will be espe- 
cially useful for making chiral, biologically 
active compounds, [Letter p. 453; Author page] 


Oxygen steps in the ocean 


‘The oxygenation of the Earth’ atmosphere is 
thought to have occurred in two steps near the 
beginning and the end of the Proterozoic eon, 
around 2,500 to 550 million years ago. The 
oxidation state of the ocean between these two 
steps and the timing of deep ocean oxygena- 
tion, however, remain poorly known. Scott et 
al. now use molybdenum and total organic 
carbon data from black shales to track the 
redox state of the ocean at this time. Molyb- 


denum is an essential participant in nutrient 
cycling, and its availability is highly sensitive 
to Earth’ redox state. The results provide a 
new narrative for the historical texture of 
Earth’s oxygenation, and will be of relevance 
for the study of the events that presaged the 
appearance of animals on Earth. [Letter p. 456) 


Complexity no handicap 


As more genetic sequence data are generated, 
evolutionary biology questions about inherit- 
ance and phenotypes can be subjected to 
sophisticated analyses. Wagner et al. address a 
fundamental problem in evolutionary biology, 
the relationship between organismal complex- 
ity and the ability to evolve, by measuring the 
effects of pleiotropy, or multiple effects from 
one genetic mutation, on the skeletal char- 
acteristics of mice. Data on 102 quantitative 
trait loci affecting 70 skeletal traits across the 
mouse genome suggest that there is no ‘cost 

of complexity’ for higher organisms, because 
most mutations affect few traits and the size of 
the effects does not increase with complexity. 
[letter p.470] 


Scent's different directions 


Despite dramatic behavioural differences 
between the sexes, surprisingly few anatomic 
features have been observed that differenti- 
ate the male and female brain in any species. 
Workin the Drosophila fruit fly has now 
uncovered a striking difference in male and 
female responses to the insect pheromone 
CVA (cis-vaccenyl acetate). Males release the 
pheromone, which is detected by both sexes 
via apparently identical neural circuits in 
their antennae. The scent induces females to 
become receptive to males, but in rival males 
it inhibits courtship behaviour. The single 
neuron tracing technique developed to make 
this discovery should be applicable to study 
the nervous systems of other genetically trac- 
table species, such as the mouse. [Letter p.473] 


Astomatal ion channel 


‘The stomata on the undersides of leaves con- 
trol the exchange of carbon dioxide and water 
between plants and the atmosphere. Stomatal 
pore aperture is regulated by transport ofions 
and metabolites across guard-cell membranes. 
Perhaps surprisingly, until now no plant 
plasma membrane anion channel subunits 
have been cloned — and the homologues of 
animal anion channels have been shown not 
to encode functional ion channels in plants. 
Now two groups working independently have 
identified a protein that is an essential com- 
ponent for S-type anion channel function and 
is required for stomatal closure in response to 
a variety of physiological and stress stimuli. 
Termed SLACI, it is a distant homologue of 
fungal and bacterial dicarboxylate/malic acid 
transport proteins. [Letters pp. 483, 487] 
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AUTHORS 


Abstractions 


LAST AUTHOR 
Susceptibility to many 
common conditions and 
diseases, from obesity 
tocancer, involves the 
combined effects of many 
genes and of the many 
environmental factors 
that influence how these genes function. On 
pages 423 and 429, Eric Schadtof Rosetta 
Inpharmatics in Seattle, Washington, and his 
colleagues detail an approach to identifying 
such ‘gene networks’ — an advance that could 
potentially lead to diagnostic markers and 
therapeutic targets for common diseases. 


When did you realize a gene-network 
approach was needed? 

During my graduate training in mathematics 
andmolecular biology, realized that 

many changes — and not just at the DNA 
level — lead to disease, When | started this 
workin 2000, very few people thought this 
way. Luckily, our collaborators at the Icelandic 
pharmaceutical company deCODE Genetics 
andat the University of California, Los 
Angeles, immediately joined our push towards 
‘amore holistic, gene-network approach. 


Is the traditional, reductionist appoach of 
‘searching for ‘the disease gene' pointless? 
Absolutely not. Genome-wide association 
studies comparing individuals’ genomes 
identify the dominant genetic variations that 
lead to disease — if not ‘the disease gene’. 
We've developed statistical methods to 
determine connections among genes on the 
basis of their activities in different tissues. We 
then combine these findings from humans 
with mouse models of disease to assess how 
perturbations to gene-expression networks 
could cause disease traits. 


‘What computational power isinvolved in 
thisapproach? 

Weneeded high-performance computing 
equivalent to 7000 central processing 

units. Withoutthat scale of computetional 
horsepower, we couldn't have done this work. 


Is Merck, Rosetta's parent company, 
adopting this approach? 

Yes, Once youknowhow a whole network of 
genesis perturbed, you can better assessthe 
best points for therapeutic intervention. 


Are clinicians collecting the samples 
necessary for these types of studies? 
Notas quicklyas we'd like, butonce 
clinicians see the point they will do it. To 
uncover the relevant gene networks, we 
need complementary sets of disease and 
normal tissues. For example, one clinician 
is collecting matched liver, stomach and fat 
tissues from his gastric bypass surgeries. 
These samples will help us to determine 
why the severity of diabetes is often greatly 
reduced following surgery. a 


MAKING THE PAPER 
Benjamin List 


Getting acetaldehyde to behaveas a 
substrate for organic synthesis. 


Organic chemists had all but given up on 
acetaldehyde when it came to certain types 
of reactions because this deceptively simple 
molecule has a tendency to go through many 
side reactions. Benjamin List’ group at the Max 
Planck Institute for Coal Research in Miilheim 
an der Ruhr, Germany, have managed to tame 
the highly reactive molecule and use it in the 
Mannich reaction (a process for forming car- 
bon-carbon bonds), opening the door to a 
broad range of applications in drug design. 

Many small biological molecules come intwo 
mirror-image forms, or enantiomers, that can 
have dramatically different biological effects. 
Chemical reactions that produce one enanti- 
omer only were thought to be catalysed by either 
enzymes or heavy metals. But simple organic 
molecules such as amino acids recently burst on 
the scene asa third class of inexpensive catalysts 
for reactions with enantiomer selectivity, which 
are required for drug synthesis. 

In 2000, List used the amino acid proline to 
catalyse a Mannich reaction — which com- 
bines a carbonyl, an aldehyde, and an amine 
compoundto produce B-amino carbonyl com- 
pounds, and is used widely in the synthesis of 
biologically active molecules, including medici- 
nal drugs. The new proline-catalysed Mannich 
reaction yielded high amounts of only one 
enantiomer. 

Butthe simplest ofall substrates, acetaldehyde, 
still wouldn't work. Acetaldehyde has many 
desirable qualities for chemistry: it’s a small, 
plentiful and inexpensive molecule. But italso 
likes to react with itself. “The general feeling was 
that it would not work because it was considered 
areally troublesome reagent,” says List. 

His view changed in 2006, when his group 
discovered that the substrate N-tert-butoxycar- 
bonyl (N-Boc)-imine gave very high amounts 


of essentially a single enantiomer in proline- 
catalyzed Mannich reactions. “Because these 
reactions were so extremely efficient, we decided 
to give acetaldehyde another try,’ says List. 

The first time List’s group tried combining 
acetaldehyde with N-Boc-imines ina proline- 
catalysed Mannich reaction they obtained only 
about 1% of product. “The yields were tiny, but 
the product was formed as essentially a single 
enantiomer, so ina sense this was encourag- 
ing,” he explains. 

Over the next few months, colleagues tried 
to improve the yield without much success. 
Then, duringa Monday morning jog, inspira- 
tion struck and List realized how to tackle the 
problem. Backin the lab he put togethera four- 
person team that sketched out the different con- 
ditions to test and what kind of products they 
should synthesize to demonstrate the reactions 
applications. Four weeks later they had accom- 
plished their goal (see page 453). They had opti- 
mized the reaction and were able to synthesize 
a newly approved anti-AIDS drug and several 
other biologically active substances . 

List says pharmaceutical companies have 
already expressed an interest in this work and 
a number of researchers, including himself, 
are trying to use acetaldehyde in other types 
of chemical reactions. “The biggest challenge 
‘was not really a technical or chemical one but 
rather having to give up the notion that it was 
impossible touse acetaldehyde in these types of 
reactions,’ hesays. “It was not easy to convince 
ourselves that this would work, given the initial 
ridiculous yields” . 


FROM THE BLOGOSPHERE 


Thereis never a dull moment 
on ‘In the Field’, Nature 
reporters’ blog for scientific 
conferences and events. 
Rachel Courtland recently 
blogged fromthe American 
Physical Society conference in 
New Orleans (http:/tinyurl. 
com/37jjuy) on 2 Town Hall 
talk on ultra-highpressures: 
“The basic idea? Squeeze 
hard on any element, ratchet 
up thetemperature, and you 


end up with some unexpected 
newphases. Athigh enough 
pressuresand temperatures, 
ordinary, transparent water 
becomes opaque. Push 
even further, and it becomes 
transparent. Dive down into 
Jupiter's atmosphere, and the 
pressures quickly become 
so high that even hydrogen 
becomes metallic.” 
Simultaneously, Eric Hand 
wasrocking at the lunar and 


planetary science conference 
in Houston (http://tinyurl. 
com/3axrrc). Read about 

the graduate student who 

was shot at Northern Illinois 
University, but still turned 

in his conference poster on 
time, and enjoy a valedictory 
account of NASA administrator 
Mike Griffin’slecture and 

the characteristically blunt 
question and answer session 
that followed. 2 


Visit Nautilus for regular news relevant to Nature authors b http://blogs.nature.com /nautilus and see 
Peer-to-Peer for news for peer reviewersand about peer review  http://blogs.nature.com/peer-to-peer. 
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DNA microarray applications have expanded rapidly with increasing 
capacity, accomplished through smaller spot size. Hamamatsu 
Photonics has now made it possible to cut the spot size of current 
arrays toa mere 1pm in diameter. 


This is just one application of the Hamamatsu Photonics micro-droplet 
technology, a method that uses electrostatic force to guide samples 
with tremendous accuracy onto substrates. An electric pulse creates 
the charge that transports the samples, and the “on-demand” sample 
size is readily adjusted by varying the length of the pulse. Samples can 
be 10 femtoliters or smaller involume. 


Unlike conventional spotting technologies, like the ink jet printer, 
Hamamatsu Photonics micro-droplet technology can even handle 
viscous samples such as glycerin and UV cured resins. The resins can 
be patterned in lines less than 5m in width. The micro-droplet 
technology thus has a wide range of applications in microfabrication: 
printing gold nanosuspensions that can be used for fabricating circuits, 
spotting the ink on unpainted pixels of the red-green-blue filters used 
in flat panel displays, or the creation or repair of photomasks used in 
fabricating semiconductors. 


HAMAMATSU PHOTONICS K. K. 


SMALL DOTS, 
FINE PATTERNING 


Hamamatsu Photonics Micro-Droplet technology 
brings a new era of microfabrication. 


Hamamatsu Photonics researchers came across the idea of the micro- 
droplet technology when working on the optical properties of single 
molecules—another example of Hamamatsu Photonics “following the 
light” to far reaching technological applications. 


Internal 
Anode 


Basic principle of the 
Micro-Droplat technology 


External 
Electrode 


Capillary. 
Nozzle 


Substrate Holder Jaa 


Hamamatsu Photonics’ expertise with light has revealed an elegant 
solution to a complex problem. 
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For more information, visit our site at: http://jp.hamamatsu.com/en/rd/publication 
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Competent Cells from New England Biolabs 
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New England Biolabs. 
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expression strain 
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1917-2008: A Space Optimist 


Arthur C. Clarke's technological prescience deserves to be honoured; his endless optimism 


needs to be cherished. 


ttook an unusual mind for a Londoner living in 1944 to see the 
V2 rockets bombarding the city as a cause for hope. But the intel- 
lectual milieu of the time, enriched as it was by the cosmic visions 
of the likes of Desmond Bernal, J. B. S. Haldane and Olaf Stapledon, 
produced a few such optimists. Freeman Dyson, a brilliant young 
mathematician then working on the more traditional bombard- 
ments crossing the North Sea in the other direction, saw his hope in 
the opportunity costs: enemy resources spent on inefficient rockets 
could not be spent on more effective fighter aircraft. Arthur. Clarke, 
then a young radar engineer and soon to be a budding science-fic- 
tion author, saw his hope in the fact that, en route from mainland 
Europe to England, the rockets were passing through outer space, 
and the technology required for travel to other planets was thus at 
hand. Legend has it that when Clarke and his friends from the British 
Interplanetary Society hearda V2 while drinking in a pub, they stood 
and cheered the space age that was about to begin. 

Such optimism comes from an ability to look beyond the obvious, 
an ability that served Clarke, who died on 19 March, as both a writer 
and a prognosticator. Clarke, who founded his writing in rigorous 
science, foresaw not just the technology of the geostationary com- 
munications satellite, but also the effect that such distance-denying 
technologies would have in drawing the world together. As he said 
with typical optimism to the dignitaries signing the agreements in 
1964 that created the Intelsat system: “You have just signed the first 
draft of the Articles of Federation of the United States of Earth? But 
he did not just see upsides: in 1960, he publishedin Playboy a wry lit- 
tle piece on decadence and satellite-delivered porn called “I Remem- 
ber Babylon’, 

Wryness was a frequent tool. But Clarke's aim in his writing was 
mostly to inspire wonder, specifically the wonder of transcend- 
ence — the wonder in gazing into a featureless artefact and report- 
ing back, stunned, “My God, it’s full of stars!”. In that moment 
from 2001: A Space Odyssey, as in many other instances, Clarke 
showed his readers the wonder of the scientific threshold about 


Critical journalism 


Science coverage is on the wane when public 
scrutiny of science is more important than ever. 


atch five hours of US cable news, and on average you will 
see around 35 minutes on election campaigns, another 36 
minutes on US foreign policy, and 26 minutes on crime 
— but only about one minute on science and technology, slightly 
more on the environment, and only alittle over 3 minuteson medi- 
cine andhealth care. This is not just an issue with cable: science fares 


to be crossed, the cosmos about to be joined. Yet he did so witha 
humanity that insisted that his readers were not insignificant in 
the face of such immensity — or rather, that their insignificance 
did not diminish them, perched as they were for ever on theshores 
of what was to come. 

The book's technological vision oflunar cities and men bound for 
Jupiter, magnificently realized in film by Stanley Kubrick, was flanked 
byjustsuch shores — the dawn of human consciousness in the ape-man 
Moonwatcher, the space-age Odysseus’s return through the pit of stars 
toahome about tobe utterly changed. Moonwatcher or moon-walker, 
Clarke was saying, we are always on the brink of the beginning, always 
in some way pre-historical. Seeing the whole dazzling day to come in 
the first thin cord of the Sun was his great delight. 

In the 1970s, Dyson, by then a luminary of mathematical physics, 
explored the possibilities oflife running off intothe furthest reaches of 
the future. It wasan idea to stir Clarke's soul. Ashe wrote in response: 


“[Not for] billions of years, will the real history of the universe begin. 

Itwillbea history illuminated only by the reds and infrareds of dully 
glowing stars that would be almost invisible to our eyes; yet the sombre 
hues of that all-but-eternal universe may be full of color and beauty to 
whatever strange beings have adapted to it. They will know that before 
them lie ... years to be counted literally in trillions. 

They will have time enough, in those endless aeons, to attemptall 
things, and to gather all knowledge. They will be like gods, because no 
gods imagined by our minds have ever possessed the powers they will 
command. But for all that, they may envy us, basking in the bright after- 
glow of Creation; for we knew the universe when it was young” 


Itisa rare gift — although one potentially shared by any scientist 
— to find satisfied joy in being poised before the transcendent, filled 
with hope by the wonders that the intellect, rather than blind faith, 
promises to those who explore it. Clarke devoted himself to passing 
on that gift, and we should cherish it. 


little better in other forms of television, radio, or print news, accord- 
ing to the Pew Research Center’s The State of the News Media 2008 
report, released on 17 March, 

It would bea mistake to get too alarmed about this analysis. Science 
news in the United States has indeed been squeezed to around 2% 
of the total since the events of 11 September 2001. But it was never 
that high, hovering around 4—6% from the mid-1970s until 2001. 
And the drop does not reflect a falling public interest in science, as 
much as the media's increased emphasis on foreign policy, war and 
the homeland: the diversity of US news coverage has decreased across 
the board since 9/11. 

‘The Pew Center’s numbers offer another reason not tobe gloomy: 
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the Internet is overtaking television as the public’s main source of sci- 
ence news. This means that a larger global audience can now access, 
on demand, a great diversity of science coverage from media outlets 
around the world. Moreover, the public are no longer just passive 
consumers of information. The Internet is now the first place people 
go to look for more information on a scientific topic, such as stem 
cells or climate change. Thanks to the Internet, in short, one could 
argue that the overall state of science communication is better now 
than at any time in the past. 

Yet there is no reason to be complacent. As the media industry 
moves online, some shakeout is inevitable. Straight newsis becoming 
acommodity, which will be dominated by fewer players. Independent 
science desks and media can have a future in this environment, but 
only if they move up the food chain and provide proactive, deeper, 
must-read analyses instead of me-too articles reacting to the latest 
press releases. 

In that context, perhaps the most worrisome finding in the Pew 
report is that this type of resource-intensive science coverage is pre- 
cisely the most threatened: as the newspaper industry responds to 
falling circulation with sweeping cuts, science desks are among the 
first to suffer. 


A reprogramming rush 


Stem-cell research is in danger of falling 
foul of haste. 


n the most recent of his series of stunning articles on induced 
pluripotent stem (iPS) cells (T. Aoi et al. Science doi:10.1126/sci- 
ence.1154884; 2008), Shinya Yamanaka made a couple of small 
mistakes, Happily, he has since given plausible explanations for the 
mistakes, and has effectively argued that they do not affect the arti- 
cle’s central conclusions — thus heading off worries (and one unsub- 
stantiated accusation) that the errors signalled deeper problems with 
the article. 

Still, the incident illustrates why there is cause for concern as scien- 
tists hop on the iPS bandwagon (see page 406). The very existence of 
such carelessness by the leading light of iPS cell research, a scientist 
known for his thorough, careful work, shows how much the race men- 
tality has taken over the field. The paper was published online a mere 
five anda half weeks after it was submitted. Other key articles in the 
field show similar signs of being rushed for publication. One biotech 
company recently announced its iPS cell results without even both- 
ering to publish (see Nature 452, 132; 2008). And authors have been 
pushing journal editors to speed up peer review — under the threat of 
taking the paper elsewhere — which puts even more pressure on the 
small circle of reviewers sufficiently versed in iPS cell science. 

Competition is good. Indeed, it is a major reason why iPS cell 
research has flourished since 2006, when Yamanaka first showed 
that a handful of genes can reprogram a cell to a pluripotent state. 
Nonetheless, the fast-moving fields of science are showing some 
unpleasant tendencies. Researchers are cutting cornersand making 
mistakes, They are making over-hyped promises that will probably 
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Media executives should pause to rethink these cuts to science 
desks and coverage on two counts. One is that this choice is often 
influenced by the widespread notion that science is of comparatively 
little interest to readers. According to Pew Center data, however, 
around two-thirds of all those who search online for news are after 
science and health news — second only to the weather — with tech- 
nology coming third, ahead of politics and business. That trend is 
confirmed in reports published this past December by the European 
Commission. 

Another, and more important, reason to sustain high-quality sci- 
ence journalism is that, in this context as much as any other, the 
media have a responsibility (with rewards in audience response) to 
fulfil their watchdog role. Many contemporary societal issues are 
both science-related and complex. Science reporters are essential for 
keeping tabs on government at every level, ensuring that decision- 
makers listen to the best experts and scientific evidence available. 
They should also be in the front line of countering the misrepresenta- 
tion of science, whether by anti-science groups, multinational corpo- 
rations, or politicians — or indeed, by scientists and their institutions 
hyping their own work to gain fame and funding. . 


be broken. And they are neglecting other valuable fields of research. 
All this has already been seen in iPS cell research. 

Hype may also carry researchers away from their mission and raise 
the spectre of fraud. Indeed, as Alan Trounson, head of the Califor- 
nia Institute of Regenerative Medicine in San Francisco recently told 
Nature Reports Stem Cells, “excessive” media attention on iPS cell 
research could “separate science from reality” in the same way it did 
during the therapeutic-cloning scandal surrounding South Korea's 
Woo Suk Hwang. “Cool heads and a close connection with the lab 
should prevail in order to ensure science progresses truly by reliable 
evidence? he says. 

The errors in Yamanaka’ article are unfortunate — not least 
because they play into the hands of those who want to tarnish the 
science or the scientists. The criticism of Yamanaka’ article came 
from an anonymous source who seemed bent ona personal attack. 
From the address “Reprogrammer Yamanaka” on 29 February, the 
e-mailer sent an account of Yamanaka’s mistakes to journal editors, 
science journalists and scientists, scolding Yamanaka for his “embar- 
rassing inconsistencies” and calling on him “to either retract their 
paper or provide meticulousand thorough new analysis’. 

Yes, this attack was overly dramatic. And yes, Yamanaka owned up 
to his mistakes with commendable speed and honesty. But even so, 
thisincident should be a wake-up call. 

Post-Hwang, scientists and journals undertook much soul-search- 
ing about what went wrong. Some came to the bad-apple theory 
— that Hwang was just an anomaly. Most, rightly, saw it asa deeper 
problem that could affect any field of science. In the aftermath, many 
researchers vowed to redouble their efforts to guard against honest 
mistakes (usually attributed, as Hwang did at first, to the rush to 
submit articles), as well as against the whole spectrum of selective 
presentation of data, manipulation of images and outright fraud. iPS 
cell research may be the first substantial test of these efforts. vl] 
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Nearly caught in a trap 

Phys. Rev. Lett, 100,113001 (2008) 

Why is the Universe mostly matter, when 

the Big Bang should have produced 

equal amounts of matter and antimatter? 

Researchers from the Antihydrogen Trap 

collaboration at CERN, near Geneva, have 
nudged along the search for an answer. 

Gerald Gabrielse of Harvard University 
and his team hope to measure subtle 
differencesin the properties of antihydrogen 
and hydrogen that might explain antimatter’s 
demise. But antihydrogen annihilates on the 
walls of a confining apparatus too quickly for 
it to be probed in detail. 

So the team prolonged the interaction of 
antiprotons and positrons using a form of 
magnetic confinement called an Ioffe trap. 
However, full proof that antihydrogen is 
trapped inside its new container still awaits. 


EDIMENTOLOGY 
Natural beauty 
‘Nature Phys. doi:101038 nphys911 (2008) 
‘The beauty of limestone landscapes such as 
those loved by the poet W. H. Auden comes 
from sculptural erosion. That of landscapes 
of travertine, another form of calcium 
carbonate (pictured below), is built 
through patterns of deposition. A new 
way of modelling this growth has been 
developed by John Veysey and Nigel 
Goldenfeld of the University of Illinois 
at Urbana-Champaign. 

The authors simulated the environment 
as a lattice of rule-obeyingcells,an approach 
that yielded similar results to data they 
collected from two years of time-lapse 
photography of travertine pools and terraces 
forming in hot springs. 

‘The method ignores the microscopic 
specifics of deposition andthus might prove 
applicable to other environments. 


- 
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Asecret visual 
world 


Curr. Biol, 18, 1-6 (2008) 

The mantis shrimp 
Odontodactylus (pictured) 
has a secret and unique way 
‘oflooking at the world that it 
may use for sexual signalling. 


Self-sterile squirts 
Science doi:10.1126 /science.1152488 (2008) 
Avoidance of self-fertilization in the 
hermaphrodite sea squirt Ciona intestinalis 
intrigued the genetic pioneer Thomas Hunt 
Morgan. His breeding experimentshave now 
been replicated by Yoshito Harada of Nagoya 
University in Toba, Japan, and colleagues, 
who have identified two cooperatively acting 
pairs of genes controlling self-sterility, each 
pair containing a ‘male’ anda ‘female’ gene. 
The male determinant is thought to encode 
a receptor in sperm that recognizes the ‘self? 
product of the female gene, whichis part of 
the matrix surrounding the egg. Sperm thus 
fail to attach to the matrix of an egg from the 
same individual. 


LIM, 
Sweet glow of success 


Angew. Chem. Int. Edn 46, 2394-2397 (2008) 
Seeing where particular fat and sugar 
molecules congregate inside live cells 
has been made easier by chemists at the 
University of California, Berkeley, who 


Whereas humans can see 
only the colour andintensity 
of light, some invertebrates 
can see linearly polarized 
light. This gives them cues 
to navigate and helps them 
communicate surreptitiously. 

Justin Marshall of the 
University of Queensland in 
Brisbane, Australia, and his 


colleaguesnow report that 
species of Odontodactylus can 
discern circularly polarized 
light, the first organism 
shown to dothis. The mantis 
shrimps even have specialized 
cells in their eyes that 
distinguish between right- 
and left-handed circularly 
polarized light. 


have found a way to fluorescently label 
these biomolecules without causing other 
constituents of the cell to glow. 

Producing pictures of particular proteins 
and nucleic acids inside living cells is fairly 
routine, but achieving good pictures of fats 
and sugars has proved more difficult; the 
background fluorescence tends to be too 
strong. 

Matthew Hangauer and Carolyn Bertozzi 
designed a reagent with an ester bond that 
keeps its fluorescence quenched. When the 
reagent meets its target a chemical reaction 
breaks thebond, causing the labelled 
compound to glow. 


Universal freeze 


Phys. Rev. Lett. 100, 093003 (2008) 
An instrument called a reverse coilgun 
may soon bring atoms to a full stop. Using 
a series of independently controlled coils, 
physicists have successfully slowed abeam 
of paramagnetic neon atoms from 447 to56 
metres per second. 

The approach, devised by Mark Raizen 
at the University of Texas in Austin and his 


R CALDWELL 


colleagues, might eventually be able to halt 
any atom that has an unpaired electron. 
Slowed atoms could then be held ina 


magnetic trap. 

Containing and cooling atoms in this way 
could lead to the study ofa process such as 
B-decay in tritium, which has never been 
trapped before. 


COSMOLOGY 


Separated by birth 


Astron. J. 185, 1106-1116 (2008) 
‘The Small Magellanic Cloud is 2 billion or 
3 billion years younger than the Milly Way and 
other nearby galaxies, a finding that suggests 
the galaxies of the early Universe did not form 
allat once, as had been previously thought. 
The Small Magellanic Cloud is a dwarf 
galaxy about 200,000 light years from the 
Milky Way (pictured above). Katharina Glatt 
from the University of Basel, Switzerland, 
and her colleagues determined the age of its 
oldest star cluster using images taken by the 
Hubble Space Telescope. 
Although other, older star clusters in 
the dwarf galaxy might have existed but 
notsurvived, the authors conclude it is 
more likely that star formation in the Small 
Magellanic Cloud began much later than 
imagined. 


ZOOLOGY 
Croc 'n’ roll 


J. Exp. Biol. dois101242/jeb.015339 (2008) 
Alligators use muscles normally employed 
in breathing to shunttheir lungs around like 
abuoyancy aid, enabling them to perform 
death-rollsand dives. 

Todd Uriona and C. G. Farmer at 
the University of Utah in Salt Lake City 
discovered the secret of these manoeuvres 
by implanting electrodes in young alligators’ 
diaphragm, pelvic, abdominal and rib 
muscles. These recorded how the creatures 
worked those muscles to shift the lungs 
towards the tail during a dive — andthen 
back towards the head to resurface. The same 
muscles move the lungs sideways when the 
alligator wants to roll. 


PALAEOCHRONOLOGY 

Righting the rings 

‘Nature Geosci. doi:10.1038 /ngeo128 (2008) 
Palaeoclimate researchers can now use tree- 
ring records to make more precisely dated 
measurements further back than 12,400 
years, he original maximum. Raimund 
Muscheler of Lund University in Sweden 
and his team used comparisons with isotopic 
data from ice cores to ascertain the true age 
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of more ancient tree-ring chronologies that 
until now had ‘floated’ in time. 

The abundances of both carbon-14 and 
beryllium-10 vary with solar activity. The 
researchers used this correlation to link the 
floating tree-ring records, which contain 
carbon-14, to a period chronicledin ice cores 
from Greenland, which are dated by their 
beryllium-10 content. 


ECOLOGY 


Better than bleaching 


Proc. R. Soc. Lond. B doi:10.1098/rspb.2008.0069 
(2008) 

A shift in the composition of their symbiotic 
algae can enable corals to acclimatize after 
periods of higher water temperatures leave 
them ‘bleached. 

Ray Berkelmans of the Australian 
Institute for Marine Sciences in Townsville, 
Queensland, and his colleagues monitored 
the types of zooxanthellae inside the coral 
Acropora millepora on the Great Barrier 
Reef before and after natural bleaching, 
They report a dramatic reshuffling of the 
symbiotic community within the surviving 
coral; ofthe colonies with predominantly 
heat-sensitive algae before bleaching, 71% 
had predominantly heat-resilient varieties a 
few months later. 
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Aphysicist applauds evidence 
for the quantum spin Hall effect. 


Ihave been fascinated by the 
ballistic (collisionless) motion of 
charge carriers in solids since the 
start of my career. In practice this 
motionis often impededby 
unavoidable impurities in the solid. 
But when it works, the charge 
carriers maintain their quantum 
properties while dissipating a 
minimum amount of energy. 


Applying astrong magnetic 
field perpendicularto atwo- 
dimensional conducting layer 
can accomplish the feat. Then, 
the quantum Hall effectkicksin, 
forcing the charges to the edges of 
the sample where they skip along 
inso-called ‘chiral edge channels’. 
Backward scattering is virtually 
eliminated because that would 
require the charges to find a way to 
the opposite edge, where charges 
move inthe opposite direction. 

Recently, Laurens Molenkamp 
ofthe University of Wurzburg in 
Germany andhis colleagues tooka 
step towards verifying the quantum 
spin Halleffect (M. Kénig et al 


Science 318, 766-770; 2007). This 
is where chiral edge channels form 
spontaneously in semiconductor 
insulators with peculiar electronic 
structures —namely, where the 
valencebandis energetically 
higher than the conduction band 
because of the strong spin-orbit 
interaction between electron 
spins and electron velocities. This 
means that spin-up electrons are 
carried only by edge channels. 
movingin one direction and spin- 
down elections are carried by edge 
channels moving inthe opposite 
direction. 

Molenkamp's team used a 
thin layer of mercury telluride 


sandwiched between two layers 
of mercury cadmium telluride, 
Because measuringspin current 
is difficult, they recordedthe 
conductance of this middle layer 
toverify the ballistic transport 
that characterizes edge-channel 
transport. It was quantized, as 
predicted. 

With further verification, the 
finding could lead to low-power 
devices based on the transport of 
spins rather than charges. Thus a 
quirk inthe scientific field |have 
always loved might find a practical 
application. 

Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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UK physicists, still reeling from massive fund- 
ing cuts announced earlier this year, have 
learnt of worse to come. Roughly £130 mil- 
lion (US$260 million) is being slashed from 
research grants awarded by the Engineer- 
ing and Physical Sciences Research Council 
(EPSRC), it announced on 17 March. 

The EPSRC scale-back, which will mean 
grant cuts of up to 15% for investigator-led 
research areas and job losses, comes just 
months after the UK Science and Technology 
Facilities Council announced funding cuts of 
around £80 million and a 25% reduction in 
grant money (see Nature 451, 386; 2008). 

“This could be as big a problem as the £80 
million cuts in the Science and Technology 
Facilities Council,’ says Philip Moriarty, anano- 
technologist at the University of Nottingham. 

‘The EPSRC says its ‘responsive-mode’ grants 
will be affected by the cuts, These are grants for 
which proposals can be submitted on any topic 
related to engineering or physical sciences. The 


council says much of this money will instead 
be channelled into funding research in specific 
government-defined areas. But, overall, the 
amount of research funded by the council will 
drop by between 3% and 5%, it says. 

Physicists, chemists, engineers and other 
researchers whose work does not fit into the six 
government-defined themes of nanoscience, 
health, IT, security, environmental change and 
energy will have to fight hard for the remain- 
ing responsive-mode money. Even before these 
cuts, fewer than one-third of research-grant 
proposals submitted to the EPSRC were suc- 
cessful last year. 

“The 12% to 15% cut to investigator-driven 
research, coupled with the EPSRCSknowledge- 
transfer strategy, means that truly innovative sci- 
enceis less likely to result from EPSRC funding,” 
says Moriarty. “Work on fundamental quantum 
mechanics, of the type that won Tony Leggett 
the Nobel Prize in Physics in 2003, would strug- 
gle for funding in the current EPSRC system” 


¥ 


ay 
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Peter Main, director of science and educa- 
tion at the UK Institute of Physics, says there is 
real concem abouta shift from curiosity-driven 
research to applied programmes. “The real 
danger is that if you're not careful you end up 
funding lower-quality research simply because 
it is related to a particular topic,’ he says. 

The EPSRC was given a budget increase 
of 18.6% by the government last year, but the 
extra money has been eaten up by inflation 
and its commitment to paying the full costs of 
research, which include maintaining equip- 
mentand building infrastructure. Rather than 


String theorists hope to classify the cosmos 


Physicists’ search for atheory of 
everything is entering territory 
more familiar to biologists: 
taxonomy. A small team of theorists 
is meeting in Tucson, Arizona,in 
April to discuss how to classify the 
billions upon billions of different 
possible universes created by 


string theory, which describes String theory is beloved by 
fundamental particles and forcesas _ theorists because itis one 
vibrating strings. of the few paradigms 
“String theory is notorious for that promises tomerge 
havinga lot of solutions,” says Keith © quantum mechanics, 
Dienes, aphysicist at the University whichexplains the 
of ArizonainTucson."Wearehaving behaviour of particles ona 
this big kick-off meeting to try and subatomic level, with 


organize ourselves,” he says. The general relativity, 
String Vacuum Project aimstobegin — whichdescribes 
placing the various solutions into how gravityshapes 


broad categories. If it works, then 
theorists may finally begin honing 
down the version of thetheory that 
best fits with thecosmos, 

Butthat's a pretty bigif. There's 
no guarantee that the different 
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possibilities will be easy to classify, 
or that the solution matching 

our Universe will be easy tofind, 
according to Nathan Seiberg, a 
string theorist at the Institute for 
Advanced Study in Princeton, New 
Jersey. “I wouldn't hold my breath,” 
he says, “butit is possible.” 


largeentities such as 
galaxies. Todo so, thetheory 
uses 10 or 1! dimensions 

of space-time. To make 

the theory resemble the 
physical world, theorists 


folding them up. 


get rid of the extra dimensions by 


Like a sheet of paper, there are 
a nearly infinite number of ways 
to fold the extra dimensions, and 
each leads to a different ‘vacuum’ or 


fundamental state ofthe Universe. 
Some vacua have four forces, like 
ours, whereas othersmight have 

six or eight or ten. The strengthsof 
those forces, the massesand number 
of fundamental particles, and even 
the number of dimension ina given 
cosmos, canall vary according to 
how theextra dimensionsare folded. 
The number of possibilities 
has been steadily rising in 
recent yearsand current sits 
at nearly 10°°, although there 
could bestill more, 

Inthe 1980s and 
1990s, theorists had 
hoped that there might 

bea vacuum ‘selection 
process’ — anatural 
extension of string theory that 
wouldselecta single vacuum 
resembling our Universe. But 


Acosmos folded up 
(simulation —not actual size). 


‘A.J. HANSON, INDIANA UNIV. 
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Investigator-led research will be hardest hit. 


reducing all its funding by 3-5%, the EPSRC 
has decided to continue to fund the same 
number of PhD students and to prioritize sup- 
port for the six themes. 

Itis not clear how much of the £130 million 
will be put into research grants in the themed 
areas and how much is covering inflation and 
the move to paying full costs. 

“tf what is happening is that the responsive 
mode is taking a bigger hit than [government- 
themed research], the scientific community 


will not be happy with that,’ says Peter Cot- 
greave, director of public affairs at the Royal 
Society. “People find it very uncomfortable 
when the decision about what to fund is made 
before they apply” 

Noteveryone thinks the shift is necessarily 
bad. Whilesaying there needs to be more clar- 
ity over the decision, Richard Pike, chief execu- 
tive ofthe Royal Society of Chemistry, says that 
“more focus is a good thing”. 

And Sue Ion, vice-president of the Royal 
Academy of Engineering and a member of the 
EPSRC council, points out the proportion of 
funding given through the responsive-mode 
channel has traditionally been high at the 
EPSRC. “More attention needs to be given to 
the directed, theme-based topics,” Ion says. 
“They [researchers] need to look for opportuni- 
ties rather than go ‘woe, woe and thrice woe” 

In 2006/2007, the EPSRC funded 36% of 
all UK engineering and physical-sciences 
researchers, including 4,347 postgraduateand 
postdoctoral research assistants. 

Unlike the Science and Technology Coun- 
cil cuts, there will beno high-profile projects 
cancelled, but fewer grants may mean fewer 
jobs in the long run. “It will mean 3% to 5% 
fewer grants, and the average grant employs a 
postdoc,” says Cotgreave. 

Daniel Cressey 


more recently, sometheorists 
have begun to believe that 
there indeed may beas many 
as 10° universes out there. 
‘They argue that we just happen 
to live in our cosmos becauseit 
can support life as we know it 
(see Nature 439, 10-12; 2006). 
To date, nobody's bothered 
to look athow many different 
kinds of vacua there may be, 
or whether they fit into any 
sortof systematic categories, 
according to Dienes. That will 
be the goal of the new String 
Vacuum Project. Like biologists, 
physicists on the project will try 
to classify the 10° solutions 
into different taxonomic ranks, 
such as kingdoms and phyla. 
Amongthe project's main 
goalsis to make string theory 
more predictive, saysGordon 
Kane of the University of 
Michiganin AnnArbor. Amajor 
criticism of the theory is that it 
fails to provide experimental 
tests that would supportor 


falsify it. If the vacuum project 
succeeds, then physicists would 
beableto find the dass of vacua 
that fit with our own Universe. 
They can use those solutions to 
make predictions about what 
might show up in experiments 
such asthe Large Hadron 
Collider — a massive proton- 
smasher being built at CERN, the 
European particle-physicslab 
outside Genevain Switzerland. 
Kane says that, if the project 
works, he believes that evidence 
supporting string theory could 
emerge “within a few weeks” of 
‘the accelerator’s start-up. 

But others are less optimistic 
about the vacuum project's 
chances of success. There's 
noguaranteethat the10°° 
possibilities predicted by the 
theory will beeasily categorized, 
andit's likely they won't be, says 
Seiberg, “It's avery complicated 
system,” he says. Searching for 
the few solutions that match 
our own Universe will beworse 


than looking fora needle in 
ahaystack, headds. Still, he 
believes the project may yield 
interesting findings. 

Others are more sceptical. 
Sifting through anear-infinite 
number of vacua provides 
no deeper understanding 
of the theory, according to 
mathematician Peter Woit of 
Columbia University inNew 
York City, who isfrequently 
critical of string theory. The fact 
that physicists are interested in 
a statistical approach isa sign 
of desperation, he argues. 

“tt would be better to say, ‘okay, 
[string theory] doesn’t work,’” 

Dienes accepts these 
criticisms, and concedes 
that the plan is “absolutely 
controversial”, Nevertheless, 
he believesitis the best way 
forward, “The plethora of vacua 
is anurgentissue,” he says. 

“I want to understand our space 
of possibilities.” 
Geoff Brumfiel 


<'ve got a student 
working on an 
application where you 
enter a city and it will 
tell you what grades 
and types of marijuana 
are available.” 


Clemson Universityeconomist Todd 
Kendalldiscusses the rising trend 
of websites that actas consumer 
guides to illicit activities. 


| WiFi 
According to 
Google, the unused 
‘white space’ between the 
frequencies used by UStelevision 
stations could be co-opted togive 
wireless broadband to everyone 


inthe country. Zz 
Internetusers g 
Aneditorialinthe 2 
American Journal of eS 
Psychiatry has called forlntemet & 
addiction to be added tothe official 5 
inventory of mental illnesses. # 
wh, 


Brave little toaster 
Roboteers from the University 
of Amsterdam have invented 
arobotthat mimics human 
phobias — andthe 
stepsneededto UP ' 
‘overcome them. . es 

The ‘Phobot' 

retreats when it first 

meets alarger robot, - 

but then gradually gets LM 
comfortable with smaller eis 
‘ones until it feels brave 
‘enough to conquer its fears. 


is the proportion of 
scientists and technologists in 
the European Union (EU) aged 
between 45and 64, 


is the proportion of 
peopleinthis age bracket in the 

EU population as awhole. The 
scientific workforce is ageing faster 
than other sectors. 


ofsenior scientists are 
female, which indicates that 
science has greater gender equality 
than many other professions. 


Sources: Wired, BBC, Am. J. Psychiatry, 
Associated Press, Eurostat 
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Bagged and boxed: it's a frog's life 


As many amphibians face the very real threat of being completely wiped out by disease, climate change 
and pollution, Emma Marris looks at a controversial approach to save some of them in glass boxes. 


/ ith bright orange freckles and tiny 
proportions, the Carrikeri harle- 
quin frog population spotted earlier 

this month delighted its discoverers with more 
than its good looks. The creatures (Afelopus 
carrikeri), found in the remote mountainous 
Paramo region of Columbia, had not been 
seen in 14 years and were feared extinct. Their 
rediscovery — and that of another species of 
the same critically endangered genus in 2006 
— brings rare cheer to amphibian biologists. 

These are desperate times for frogs, toads, 
salamanders and caecilians, whose sensitivity 
to climate disturbance means they 
provide an early window into the 
way that other biodiversity could be 
affected. The numbers are shocking: 
itis estimated that half ofthe world’s 
6,000-odd species of amphibiansare 
now threatened by disease, pollution, 
habitat destruction, the consumer 
trade or climate change; about one- 
third of all amphibians are at risk of 
extinction (1,896 species). 

Among the more than 100 spe- 
cies of amphibian thought by some 
experts to have become extinct since 
1980 are Australia’s southern gastric- 
brooding frogs (Rheobatrachus silus), 
which carried their young in their stomachs,and 
the golden toad of Costa Rica (Bufo periglenes). 
Only 34 species are officially declared extinct, as 
itis very difficultto prove that there are no indi- 
viduals left. One of biggest threats these animals 
face is a species of chytrid fungus called Batra- 
chochytrium dendrobatidis, which is thought to 
have originated in South Africa. The infection is 
often fatal to whole populations and has spread 
across the globe with devastating consequences 
(see Fatal fungus’). 

Faced with the incredible scale of the prob- 
lem, biologists have embarked on an experi- 
ment of last resort. Rather than letting the 
animals become extinct, a number of con- 
servationists have started gathering up frogs 
believed to be doomed — in some areas col- 
lecting every last individual of a species — in 
an effort to enable some to persist in captivity. 
Some believe it would be worth causing the 
extinction of a species in the wild ifitprevents 
the species from disappearing altogether. 

“It is absolutely our obligation,’ says Jeffrey 
Bonner, president of the Saint Louis Zoo in Mis- 
souri, He chairs an enterprise called Amphibian 
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Ark, under the aegis of 
the global conservation 
body, the IUCN, which 
is raising money for captive breeding. Its goal 
is to transfer 500 members of 500 species into 
protective custody within five years. 

It is a melancholy task; there is something 
pathetic about species that exist only in glass 
boxes. And it is not without controversy. 
Although no one is calling for captive breed- 
ingto be abandoned, some amphibian special- 
ists feel that it has been oversold as a solution. 
“Let's assume for the moment that the spiralling 
decay, including global warm- 
ing, continues unabated, says 
Alan Pounds, an ecologist at the 
Monteverde Cloud Forest Pre- 
serve in Costa Rica, “I would say 
that under such circumstances captive breeding 
programmes can save amphibian diversity in 
about the same sense that a museum of Incan 
artcan save Incan culture” 

Still, biologists feel they have to do some- 
thing — and fast. “These creatures have no 
chance,’ says Joseph Mendelson, a curator of 
herpetology at Zoo Atlanta, talking about frogs 
threatened with the chytrid fungus. “If you 
cartt protect them and there are only a few left, 


Bagged for life: workers at Panama's froghotel hopeto conserve the creatures. 
One researcher describes the animals in the facility as “kind of ghosts”. 
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they've got to come in.” Mendelson was one ofa 2 
team of conservationists who made emergency g 
collections of frogs in 2005 in El Valle, Panama, & 
an area that researchers predicted would soon g 
be hit with the fungus. The 35 species col- 
lected were sent to a z00 and botanical garden 
in Atlanta with the permission and support of 
the Panamanian authorities. By January 2006, 
the fungus had arrived in El Valle, 

Another conservation team, supported by 
Houston Zoo in Texas, collected frogs in the 
same region fora planned captive-breedingcen- 
treat a local Panamanian zoo, called the El Valle 
Amphibian Rescue Center. But 
construction delays and the 
Ir arrival of the fungus sooner 
4! than predicted meant that sev- 

. eral hundred frogs spent ayear 
ina couple of rooms at the Hotel Campestre in 
El Valle during 2006. The hotel guests included 
the Panamanian golden frog (Atelopus zeteki), 
a national symbol of luck, which was last seen 
in the wildin June 2006. Some species began to 
breed well, including the kohl-eyed lemur leaf 
frog (Phyllomedusa lemur) and the marsupial 
frog Gastrotheca cornuta, which carries itseggs 
on itsback until they hatch. In all, 600 individu- 
als of 40 species were collected over the course 
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of the past two years, says Paul Crump, a her- 
petologist at Houston Zoo. 

The future is hazy for these ‘saved’ amphib- 
ians. At the moment, the El Valle Amphibian 
Center employs four full-time staff to keep the 
animals alive and is funded by three zoos, But 
what if funding runs out? Even ifthe project 
continues, no one has any idea when or under 
what circumstances these creatures could 
return to the wild. And the same is true of any 
of the captive-breeding programmes around 
the world. “Any commitment to long-term 
captive maintenance of a species is effectively 
an infinite commitment of time and resources. 
The idea that we have any hope of doing that 
for more than a tiny handful of particularly 
charismatic speciesis clearly wrong,’ says Ross 
Alford, a herpetologist at James Cook Univer- 
sity in Townsville, Australia. 

One concern is that captive breeding will have 
an effect on the amphibians’ genomes. They 
may become genetically adapted to domes- 
ticated life, rendering them less able to live in 
the wild. A recent study showed a measurable 
decline in fitness in hatchery-raised steelhead 
trout (Oncorhynchus spp.) after just one gen- 
eration’. “Nobody knows how general this 
effect will be,’ says Hitoshi Araki, an ecologist 
at Eawag, the Swiss Federal Institute of Aquatic 
Science and Technology in Kistanienbaum, 
who carried out thestudy on hatchery fish. “We 
could see something similar in frogs.” 

Amphibian Ark partner projects are taking 


Fatal fungus 


Hotel residents: the Panamanian golden frog 
(Atelopus zeteki), now extinct in the wild, and 
Dendrobates auratus, below. 


steps to avoid one cause of reduced fitness: 
inbreeding. “We are aiming to maintain 90% 
of the genetic diversity of the group over 100 
years,’ says programme director Kevin Zippel. 

A problem of equal complexity is what will 
happen to an amphibian’ native ecosystem 
in the amphibian’s absence. It may be that 
the things it ate will immediately increase in 
number and the animals that fed on it will 
become fewer. Such adjustments may lead to 
other changes in an unpredictable cascade 
through the ecosystem. Depending on how 
long the amphibian is gone, its ecological niche 
might not be there when it returns. And, adds 
Pounds, climate change is reshuffling which 
species are found where, especially on moun- 
tains. “That's another reason why amphibians 
that are reintroduced decades down the road 


may encounter analien world,” he says. 

There is reason for hope, though. In 1998 2 
after a chytrid infestation, the last spotted tree 3 
frog (Litoria spenceri) in the Australian state $ 
of New South Wales —a male — was brought g 
into captivity at the Amphibian Research Cen- 3 
trenear Melbourne. There the optimistically 
named Dirk Diggler was mated with captured 
females from an endangered population ina 
neighbouring state. Happily, Dirk proved quite 
the studand the centre has released many hun- 
dreds of his progeny back into his ancestral 
creek. Follow-up surveys of the tagged captive- 
reared frogs found 150 of them doing well in 
the past year. 

The reality is that successes like this and the 
unexpected rediscovery of the harlequin frogs 
are rare glimmers in theotherwise bleak future 
facing amphibians. Without urgent interven- 
tions to address pressures such as climate 
change and habitat destruction, the only frogs 
left maybe ones in glass boxes. . 
Additional reporting by Nature staff. 
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Commerical trading of the African 
clawed frog (Xenopus laevis) 
probably spread the chytrid fungus 
Batrachochytrium dendrobatidis 
thatis destroying amphibian 
populations. From1934 until the 
1950s, this frog was used asa 
living pregnancy test — the urine 
of pregnant women stimulates 
the production of the frog's eggs 
—anditremains popular inlabs?, 
Morethan 100 species 
worldwide have been infected by 
the chytrid fungus. Its spores infect 
the outer layer of the amphibian’s 
skin andkill the frog through an 
unknown mechanism, perhaps by 
secreting toxins orby disturbing 
the moisture balance in frogs’. 
Scientists disagree about how 
predictable the fungal spread 
is.“Chytridis going to cover the 
planet,” says Jeffrey Bonner, chair of 
conservation group Amphibian Ark 
and president of Saint Louis Zoo in 
Missouri. Itis particularly lethal at 


certain altitudes and temperatures. 
“Inthose places, itis going to kill 
85% of the population, and the 
rest are walking dead because they 
can't find each other to mate.” 

But others including Alan 
Pounds, an ecologist at the 
Monteverde Cloud Forest Preserve 
in Costa Rica, find the ‘lone-killer 
model' of the fungus to be an 
oversimplification, Pounds believes 
that the mortality of infected frogs 
is linked to climate change and 
local factors‘, But Kevin Zippel, 
programme director at Amphibian 
Ark, disputesPounds' theory. “Ifit 
were climate change then why is 
there a wave of deaths gradually 
movingthrough Central America 
at 26 kilometres a year?" he asks, 

Ross Alford, a herpetologist 
at James Cock University in 
Townsville, Australia, says that in 
his country “the evidence for the 
‘wave-like’ nature of outbreaks is 
extremely equivocal,” He has found 


Not associated 
1 
ith mortalities 


cases where the fungus infected 
the population but did not killany 
frogs fora year®, The fungus can be 
killed through sun exposure, Alford 
says. But a cloudy spell of three to 
four weeks could be long enough 
toprevent the frogs’ normal sun- 
basking he says, allowing chytrid 


populations to build to lethal levels. 


Thereis at least one species of 


frog that chytrid infection does 

not kill: African clawed frogs. In 
other species, a few individuals 
have lived to croakanother day. 
Studying these exceptions might 
eventually lead toa cure. And even 
if the mechanism of resistance is 
never found out, the individuals 
that survive could start a breeding 
pool of chytrid-resistantfrogs. EM. 
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Laptops track Earth's shakes, rattles and rolls 


PALO ALTO, CALIFORNIA 
A seismologist at Stanford University in Cali- 
fornia has developed a computer program 
for tracking earthquakes in real time. It uses 
thousands of volunteers’ computers and may 
someday be fast enough to issue warnings just 
before an earthquake strikes. 
Quake-Catcher Network, as it’s called, 
uses the accelerometers built 


earthquakes. Little is known about how seismic 
waves travel and refract deep in Earth's crust, 
and modelling this movement accurately takes 
enormous computing power, which can be 
generated by combining many different users 
on the network. 

But another of Quake-Catcher’s jobs is to 
wait for an earthquake to happen. When a 
computer signed up to the pro- 


into many new computers,  “Ourapproach gram senses shaking, it calcu- 
which sense when a computer isjust tohave ates the intensity and pings the 
isdroppedsothatthehard drive maesive numbers.” information backto the servers 


canbe shut down. But seismolo- 

gist Jesse Lawrence found that the sensors 
could also pick up on more subtle movement. 
‘Thus was born the latest iteration in distributed 
computing, which turns the unused computing 
power of thousands of home computers intoa 
giant supercomputer. 

The most popular distributed computing 
program, SETI@home, searches for signals 
from extraterrestrial intelligence. Quake- 
Catcher looks instead atthe inner workings of 


at Stanford in less than a second. 
If enough computers detect ground shaking 
in the same area, the system could send out a 
warning to users who haven't felt it yet that an 
earthquake is on its way, Lawrence says. 

If itworks, it will be the cheapest seismic net- 
work on the planet and could operate in any 
country. It wouldn't beas sensitive as traditional 
networks of seismometers, but Lawrence says 
that’s not the point. “If you have only two sen- 
sors in an area, you have to have aperfect system. 


Ifyou have 15 sensors ina system it [can] be less 
perfect. One hundred, one thousand, ten thou- 
sand — your need for the system to be perfect 
becomes much smaller,’ he says. “That: really 
our approach — just to have massive numbers.” 

To accurately target an earthquake of 
magnitude 5 or greater, Lawrence estimates 
that he would need at least 15 users in a 900 
square-kilometre area near the epicentre. 
(SETI@home currently has more than 340,000 
computers worldwide.) 

The program also has a large educational 
component, in which students can drop heavy 
objects on the floor at varying distances from 
the computer to design and monitor their own 
earthquakes. Lawrence hopesthat this function 
—with a US$30 plug-in accelerometer for com- 
puters that don't have one built in — will makeit 
attractive to schools, increasing the network. 

Currently, his team is in the final stages of 
testing the program and expects to offer it to 
the public this summer. a 
Erik Vance 
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Veto blocks Kansas coal 


plants — for now 


The governor of Kansas, Kathleen Sebelius, 
yetoed legislation last week that would have 
allowed two new coal-fired power plants, 
citing concerns about global warming. 

The bill was a response to an earlier 
block by the state secretary of health 
and environment, Roderick Bremby. In 


October, he rejected an air-quality permit 
sought by Sunflower Electric Power 
Corporation for the pair of 700-megawatt 
plants, the first time a power plant has been 
blocked strictly to protect the climate (see 
Nature 449, 953; 2007). 

Backers of the bill do not have enough 
votes to override the veto, but the legislative 
battle is expected to continue. Sunflower has 


filed lawsuits challenging the state’s decision. 


Science debate looking less likely in Philadelphia 


Organizers of a potential 
science debate between 
leading US presidential 
candidates have not given up 
onhopes for it to take place 
in Philadelphia on 18 April 
—even though Barack Obama 
and Hillary Clinton (pictured) 
have agreed to participate in 
another, non-science debate 
inthe city two days earlier. 
With the Democratic 
primary race sotight, the 
stakes arehigh forthe 22 April 
Pennsylvania primary. Obama 


has alsoagreedto a debate in North Carolina on 19 April, before the 6 May primary there. 
Organizer Shawn Otto says that supporters still hopeto holda science debate to raise the profile 
of scienceand technology issues in the campaign, They hope to hold the debate in Philadelphia's 


Franklin Institute. 
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Sebelius says she would be willing to sign 
legislation authorizing one power plant, 
as long as it is capable of capturing carbon 
emissions for futurestorage. It should 
also address renewable energy and energy 
efficiency, she says. 


Valuable bacterial 
archive destroyed 


Researchers are demanding an investigation 
into the destruction ofa large collection 
of bacterial samples, some irreplaceable, 
froma labat the Pittsburgh Veterans Affairs 
Medical Center in Pennsylvania. The archive, 
of nearly 10,000 samples of infectious 
bacteria, was the result of more than 20 years’ 
workand included some very rare strains. 

The samples were destroyed after the 
medical centre closed down its special 
pathogens laboratory, headed by Vincent 
Yu, in July 2006. Yu and his colleagues were 
planning to move the sampleselsewhere, 
but did not get the chance. 

David Snydman of the Tufts-New 
England Medical Center in Boston and 
242 other researchers have signed a petition, 
publishedin the April issue of Clinical 
Infectious Diseases, asking an independent 
review committee to investigate what led to 
the repository’s destruction. 
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China aims to expand the number of wind turbines. 


China declares ambitious 


alternative-energy plans 


Renewable energy will contribute 10% 

of Chinas energy consumption by 2010, 
forecasts the country’s latest 5-year plan. 
This ambitious target, equivalent to the 
energy produced from burning 300 million 
tonnes of coal, wasannounced by the 
country’s National Development and Reform 
Commission last week. 

The scheme will promote the development 
and commercialization of biofuels, wind 
power, solar energy, hydropower and natural 
gas. Economic incentives, such as funding 
and tax relief, will be offered to companies, 


and taxation, concessionsand price 
regulation will be used to provide guarantees 
for the market. 

China hopes that the policies will help it 
to meet its targets of reducing the amount 
spent on energy per unit of gross domestic 
product by 20% and of major pollutant 
discharge by 10% from 2005 levels between 
2006 and 2010. At the end of the first year, 
the country wasalready behind its target. 

Separately, energy officials announced 
that they wouldscale up construction of 
nuclear power plants to get at least 5% of 
the country’s energy needs from nuclear 
sources by 2020, Overall, nuclear power and 
renewable energy are set to contribute at 
least half of China’s energy mixby 2050. 


Faculty protest at sale of 
Canadian observatory 


‘The University of Toronto’ David Dunlap 
Observatory, which houses a 1.88-metre 
reflecting telescope in the town of Richmond 
Hill, Ontario, may see last light as soon as 
30 June. The university is negotiating the 
sale of the observatory and 77 hectares of 
surrounding land, estimated tobe worth 
Can$100 million (US$98 million). 

Proceeds of the sale will funda new 
astronomy andastrophysics institute, 


But Tom Bolton, one of two members of 
the university's faculty who still use the 
telescope regularly, argues that itshould be 
kept for educational purposes at least. 


Joint drug venture to end 
after 30 years 


Drug firms Takeda of Osaka, Japan, and 
Abbott Laboratories of Chicago, Illinois, are 
splitting up a joint venture begun in 1977. 
Takeda, which may pay Abbott 
US$1.5 billion forthe split, is expected 
to retain the heartburn drug Prevacid 
(lansoprazole), with Abbott taking the 
cancer drug Lupron (leuprolide). Both 
drugs had been produced through the joint 
venture TAP Pharmaceutical Products, 
based in Lake Forest, Illinois. Together, the 
two drugs accounted for around §3 billion 
in sales last year. 


Outstanding mentors inGermany 
This weeksees the launch of the 2008 Nature 
Awards for Mentorship in Science. This year the 
competition will be held in Germany. Readers 
wishing to nominate outstanding mentors, 
working in Germany should goto: www.nature, 
com/nature/mentoringawards/germany. The 
deadline for nominations is 4 July. The winners, 
who each receive a cash prize of €10000 
(US$115,450), will be announcedin October. 
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Fuel from the Sun: these 
silicon nanorods are 
designedtocapture 
‘energy from sunlight 

‘to split water. 


| 


Chemists have long wanted to recreate photosynthesis in the lab — and to improve on its 
efficiency at converting sunlight into fuel. Katharine Sanderson reports on their latest efforts. 


olarcellscan take sunlight and produce 

acurrent, giving instant power. But as 

soon as the Sun goes down, the lights go 

dim. Ifyou could turn sunlight into fuel 
— to use for transportation or simply to store 
for later — you'd be on to a good thing. 

Nature can already do this thanks to photo- 
synthesis. Green plants take water, sunlightand 
carbon dioxide to make sugars and starches. 
‘This provides all the fuel they need, and most of 
the fuel we need too, in the form of food or oil. 

The problem is that plants aren't very effi- 
cient at fuel making — only about 3% of the 
Sun’s energy ends up as a useable fuel. And the 
fuel that works for plants doesn't necessarily 
work for us — the sugars and starches have 
to be further processed if our needs are more 
sophisticated than simply eating or burning. 

Butwhere plants excel isin gettingelectrons 
out of water to produce a fuel. A photovoltaic 
system, or solar cell, is simply a means of shift- 
ing electrons from one place to another. To 
make a fuel, the electrons are siphoned off, and 
stored in chemical bonds. 

Plants get their electron supply from water. 
Chemists worldwide are trying to design syn- 
thetic systems that do the same. And the design 
they have to beat, or at least mimic, not only 
works at room temperature, it does so without 
the need for expensive metal catalysts. Making 
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something cheap and similar to the machinery 
used by plants, the photosystem-TII protein com- 
plex (PSII), remains a fundamental challenge. 

Some US chemists taking on the challenge 
are part ofa collaborative effort called Power- 
ing the Planet, backed by the National Science 
Foundation. Three basic chemistry problems, 
each tackled by a different research team, form 
the crux of the project. One is to design an 
affordable material to collect energy from the 
Sun and convert it into current (led by Nate 
Lewis at the California Institute of Technology, 
or Caltech). Another isto perfect a catalyst at 
one end of the material to split water and pro- 
duce oxygen (led by Dan Nocera at the Mas- 
sachusetts Institute of Technology). And, the 
third is to design another catalyst at the other 
end to produce hydrogen, to be used asa fuel 
(led by Harry Gray, also at Caltech). 

“We've made dramatic advances,’ says Gray, 
who can be seen as the father of the project, 
having supervised both Nocera and Lewis 
as students in the 1980s. “We're not close to 
assembling the full device yet” 

To start the fuel-making process, sunlight 
hits a photo-active material, In plants this is 
chlorophyll, but in the lab it can be a silicon 
semiconductor, which has its electrons whacked 
out of position by the incoming photons. 
The dislodged electrons start to flow in one 


direction, creating a current. Left behind are & 
positive charges, knownasholes, and they drift = 
in the opposite direction. This is a basic solar a 
cell, which requires silicon of high purity, oth- $ 
erwise material defects cause the electrons and “ 
holes to recombine, reducing its performance. 


Plant power 

In the Powering the Planet design’, catalysts 
at either end of the semiconductor are used to 
drag the electrons and holes out of the system, 
preventing them from recombining with each 
other (see graphic), And water is added to pro- 
vide the raw material for making the fuel. 

One catalyst uses the holes in the semicon- 
ductor to drag further electrons from water. 
This process splits water, releasing oxygen 
and positively charged hydrogen ions (pro- 
tons). These protons flow to the other catalyst, 
which combines them with the electrons in the 
semiconductor ultimately to make hydrogen 
molecules, 

Aswellas providing hydrogen fuel for com- 
bustion, both the hydrogen and oxygen gases 
can be fed into a fuel cell — a means of reacting 
hydrogen with oxygen to produce water and 
electricity for powering an electric vehicle. 

There are other ways to split water artifi- 
cially, In 1975, Nobel prizewinning physicist 
Jack Kilby invented an electrolysis system that 
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Harry Gray uses sunlight to make hydrogen fuel. 


used power from a solar cell to drive electric 
current through a water-based solution (an 
electrolyte). This process produced protons 
and hydroxide ions, which reacted at the elec- 
trodes to make hydrogen and oxygen. 

Aside from Kilby’ simple system, more com- 
plex electrolysis cells have been built that use a 
photoactive semiconductor coated on one side 
witha platinum catalyst as one of the electrodes. 
When immersed in water, the semiconductor 
can both harvest light and generate the electrons 
and holes needed to split water into protons and 
oxygen. Hydrogen is released directly from the 
surface of the semiconductor, and oxygen is 
produced ata second platinum electrode. 

This cell was built in 1998 by John Turner 
from the National Renewable Energy Labora- 
tory in Golden, Colorado, His device converted 
water to hydrogen with 12.4% efficiency, four 
times as good as photosynthesis. But Turner 
had to use expensive materials such as plati- 
num, thesystem had a lifetime of just 20 hours, 
and the hydrogen produced cost US$13 per 
kilogram’, “We can do better,’ says Turner. 

The problem with all electrolysis systems is 
that the electrode materials degrade rapidly in 
solution, and need to be replaced, increasing 
costs and decreasing efficiency. The main dif- 
ference between Turner’ cell and future tech- 
nologies will be the materials used, with the 
precious-metal catalyst and expensive single- 
crystal silicon superseded by cheaper materials. 
“Tf we're goingto solve this problem we can't use 
materials that are toxic or expensive,’ says Gray. 
“This rules out most standard catalysts.” 

Nate Lewisis leading Powering the Planets 
light-harvesting effort. His team is refining a 
silicon material that he describes as “cheap and 
scaleable’, Instead of expensive single-crystal 
silicon, Lewis's photoelectric material is a 
carpet of nanoscale silicon rods, all pointing 
upwards, He's done this work with Harry Atwa- 
ter, director ofthe Caltech Center for Sustain- 


able Energy Research. 

The rods are each single 
crystals, but the method 
used to grow them is much 
simpler than the precision 
wafer-processing technol- 
ogy needed for conven- 
tional solar cells. Atwater 
claims that this makes the 
rod silicon only as expen- 
siveas the silicon feedstock, 
at between $40 and 
$70 per kilogram. 

The nanorods 
are also amazingly 
defect-free. “Once 
a nanowire begins 
to grow a little taller 
than it is wide, it 
expels defects,” says 
Atwater. This means 
that the only place where the holes and electrons 
could recombine is atthe tip of each tiny rod. 

In the device imagined by the Powering the 
Planet team, Lewis and Atwater’s silicon-rod 
carpet will be held inside a plastic membrane. 
The catalysts arecoated on opposite sides of the 
membrane to prevent the oxygen and hydrogen 
reuniting, potentially explosively. 


“We have 

a proof of 
principle, but 
we havea long 
way to go.” 


— Harry Gray 


Catalysing success 

Harry Gray is making good progress at the 
hydrogen-producing end of the system. His 
catalyst is a cobalt molecule. “It works really 
well, with quite reasonable efficiency,’ he says. 
This rather depends on your expectations. In 
catalysis, turnover rates are used to measure 
how many substrate molecules are converted 
to a product each second. Hydrogenase 
enzymes, which power the same reaction in 
plants, have turnovers of about 6,000 per sec- 
ond’, but Gray’ catalyst is still a factor of a 
thousand less efficient than the hydrogenase 
enzyme, he says. “We have a proof of principle, 
but we have a long way to go,’ says Gray. 


Catalyst’ 


Dan Nocera, at the Massachusetts Institute 
of Technology, Cambridge, is developing the 
oxygen-producing catalyst, which is proving 
to be the hardest part of the challenge. Noceras 
team began by looking at expensive metals that 
are related to cheaper metals: a trick often used 
by chemists. Choose a target metal that could 
be potentially used, then look at its position 
in the periodic table and move down a row to 
a heavier, more expensive metal, where proc- 
esses happen more slowly, and are more easily 
studied. Nocera has been using ruthenium, 
directly below iron. He hopes to transfer what 
hehas learned to iron, copper or nickel, and 
is confident that this leap will happen soon, 
making a working system possible within five 
years, he says. 

James Durrant, a chemist at Imperial Col- 
Jege London, is also investigating water-split- 
ting materials. He is wellaware of the chemistry 
problems faced by Nocera in his quest for a 
cheaper catalyst. “Oxidizing water is vicious 
chemistry,’ he says. The catalytic reactions 
involve molecules undergoing multi-electron 
processes, which are poorly understood. “As 
bad asitis to transfer one electron, the molecule 
is even more reluctant to give up the second 
electron,’ explains Atwater. 

This is because adding solar energy to water, 
and tying it up in molecules with higher energy 
bonds (oxygen and hydrogen) is what's known 
as a thermodynamically uphill process. And 
most of that uphill struggle happens at the 
oxygen-producing site. Making asingle mal- 
ecule of oxygen involves splitting two water 
molecules, and the whole process involves 
four electrons and four protons. “That's a lot 
of electrons and protons,’ says Nocera. For this 
reason, Nocera says he doesn't want to simply 
copy photosynthesis. “Ittook two billion years 
of evolution,’ he says. “I don't think Ican do 
itin 20” 

Other chemists are still trying to beat nature 
at its own game, A dozen European research 
partners, coordinated by Stenbjérn Styring 
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Chemists want to replicate photosystem II (modelled above), used by plants to convert light into fuel. 


from Uppsala University, Sweden, form the 
Solar-H network, funded by the European 
Union. They are looking closely at natural 
photosynthesis for inspiration. 

‘To harvest energy from sunlight, the Solar-H 
team uses a ruthenium-centred molecule that 
helpfully absorbs light at a similar wavelength 
to chlorophyll. For the hardest part of the 
problem — the oxygen catalyst — the Solar-H 
team turnsto the heart of PSII, which contains 
amolecule with four manganese atoms known 
as the oxygen-evolving complex. 

Styring has been working on this problem 
for 15 years, and he has shown that it isn’t 
necessary to fully replicate the oxygen-evoly- 
ing complex. Instead, he thinks that just two 
manganese atoms are sufficient. Styring says 
he has recently had a breakthrough: a molecule 
that can split water into oxygen and protons, 
although the system is powered electrochemi- 
cally, not by light. 

Even after this prolonged effort, Styring 
expects criticism when he publishes the work, 
partly because the oxygen-evolving molecule 
isnt fully catalytic — the molecule is changed 
by the reaction and so probably cannot be 
reused. “People will be very sceptical, and so 
are we,’ he says. “Thisis a very difficult field” 

He will have a hard time convincing 
researchers such as Durrant. “The only 
molecular system known to perform thermo- 
dynamically efficient water oxidation is PSII,” 
says Durrant. “We're along wayfrom having a 
molecular system that works as well,” he says. 

Other chemists say that simply mimicking 
photosynthesis is too shortsighted. “Photosyn- 
thesis is basically a failure for energy conver- 
sion,’ says Tom Mallouk at Pennsylvania State 
University. To beat the world’s energy prob- 
lems, scientists have to be more ambitious than 
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the 3% efficiency achieved by plants. “If that’s 
all we want, the thing to do is grow corn,’ says 
Mallouk. He thinks the goal should be at least 
10%, preferably 20% power conversion effi- 
ciency, using materials that do not cost much 
more per unit area than house paint, he says, 

The Powering the Planet team is optimistic it 
can beat photosynthesis, even if it doesn't beat 
‘Turner’sefficiency record. And they are deter- 
mined to beat Turner on cost. “Inthe end, we 
want to be at 5-10% solar-to-fuels efficiency,” 
says Lewis. “We know the materials that work. 
It'sjust a question of making it work faster, bet- 
ter,cheaper.” 


Another materials approach to water split- 
ting is being taken by Kazunari Domen at the 
University of Tokyo. In future, says Domen, if 
human beings use solar energy on a huge scale, 
we need to use technology that captures solar 
energy over much larger areas. To achieve this, 
he uses a photocatalyst particle that generates 
hydrogen and oxygen simultaneously on its 
own surface. The material isa solid solution, 
a mixture of metal oxides impregnated with 
nanoparticles of another mixed oxide. Domen 
is still developing these materials, which as yet 
don't work for all wavelengths of light. 

Domen admits there is still lots of basic 
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research to be done. Indeed, all of the groups 
defend their work as basic chemistry first — 
and applied research second. “We're doing fun- 
damental chemistry, unashamedly,’ says Lewis. 
“There's lots of basic stuff to do to solve this.” 

Togeta fully practical system may take years, 
although Atwater thinks that the silicon-rod 
carpets are already ripe for commercialization 
as light-capturing solar panels. A few small 
companies are investigating water-splitting, 
including Nanoptek, a start-up firm in May- 
nard, Massachusetts, which is building on the 
original Kilby approach by developing photo- 
electrodes that will harvest photons over a 
wider energy range. 


Fueling the future 

G24 Innovations (G24i) in Cardiff, Wales, is 
developing small-scale electricity generating 
systems based on organic dyes — again mim- 
icking nature's use of chlorophyll in photo- 
synthesis — for personal electronics, mobile 
phones and laptops, with the goal of bringing 
these mass communication devices to remote 
parts of the world. The company’s first prod- 
ucts — solar-powered chargers — rolled off 
the production line in February. 

The approach is based on technology pio- 
neered by Michael Gratzel at the Swiss Fed- 
eral Institute of Technology in Lausanne. In 
his photoelectrochemical cells, the amount 
of silicon needed is greatly reduced, because 
the expensive semiconductor is used purely 
to ferry electrons and holes around, and sun- 
light is captured by an organic dye. But G24i’s 
products only generate electricity, rather than 
convert sunlight to fuel. 

There are different opinions in the field about 
when a commercial fuel-generating device will 
become reality. Where Atwater sees immedi- 
ate commercial opportunities for his part of the 
project, Durrant cant see there being anything 
practical working for at least ten years. Gray 
thinks the problem requires at least another 
three or four years’ work, and can see good 
motivation for pushing ahead. “This is a big 
deal in terms of competitiveness and innova- 
tion,’ says Gray. “When solar energy comes in 
big time this is a trillion-dollar business.” 

‘Tumer wants to see a longer-term approach 
to pay for this kind of research. For the past 30 
years, he says, funding has been “spotty and 
not focused”. This is a mistake, he thinks, ifthe 
future energy needs of the world areto be met. 
“Sunlight is truly our largest energy resource 
by far — itoutshines everything else” 
Katharine Sandersonis a reporter for Nature 
based in London. 
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ittingly, the end-of-the-world vault lies 

at the end of the world. The plane to 

Svalbard gets you to within about 1000 

kilometres of the North Pole — further 
norththan any other commercial flight. Today, 
the beautiful if desolate island of Spitsbergen 
in the Svalbard archipelago is home to a tight- 
knit population of just 2,000 miners, hoteliers 
and Arctic researchers. Ina few years time, it 
will also be home to seeds from some 1.5 mil- 
lion varieties of crop. 

On 26 February, a small group of officials, 
politicians, scientists and journalists carried 
the first deliveries of seeds down an icy tun- 
nel dug deep into the frozen flank of an Arctic 
mountain and into the Svalbard Global Seed 
‘Yault. When the collection is 
completed over the next four 
or five years, the vault will have 
amassed seeds from virtually all 
the recognized varieties of 150 
crop species routinely grown 
and eaten by humans — includ- 
ing the 100,000 varieties of rice, 
the world’s top staple and the 
crop that accounts for more than 20% of all 
calories eaten worldwide. 

Conserving crop biodiversity is an urgent 
undertaking. The Intergovernmental Panel on 
Climate Change (IPCC) predicts that 25-30% 
of plant species will be extinct or endangered 
in thenext century. “We're losing crop diver- 
sity every day, going out with a whimper, not 
a bang,” says Cary Fowler, executive director 
of the Global Crop Diversity Trust, which will 
curate the vault’ collection. “In a real sense, 
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“If wehad built this 
vault ten years ago, 


we would have used 
itten times already.” 
— Cary Fowler 


Doomsday isevery day.” 

Built by the Norwegian government at a cost 
of 45 million kroner (US$8,8 million), the vault 
was built in Svalbard partly because its storage 
rooms, deep under the permafrost and chilled 
to the optimum seed-storing temperature 
of -18°C, will remain insulated even in the 
unpredictable centuries to come. 

The seeds it will store are copies of those 
already held by the roughly 1,400 existing 
national and regional seed banks worldwide. 
Itsnicknamed the Doomsday vault because of 
its intended role in bailing out these banks in 
the event of mishaps — anything from power 
cuts, to flooding, to war. “If we had built this 
vault ten years ago, we would have used it at 
least ten times already, for the 
loss of the gene [seed] banks 
in Iraq and Afghanistan, for 
example,’ Fowler says. It’s an 
extra insurance policy. 

But no matter how well 
intentioned and executed, Sval- 
bard cannot single-handedly 
save the worlds threatened bio- 
logical resources, edible or otherwise. A seed 
vault won't help to conserve the threatened 
livestock breeds that billions of people depend 
on for both dietary and financial sustenance, 
or indeed the complex ecosystems that exist 
alongside both crops and livestockand in many 
cases allow them to thrive. Conserving these, 
and hence securing humanity's food supply, 
will require schemes even more impressive 
than an Arctic dugout. Nevertheless, the glo- 
bal approachbehind the Doomsday vault may 


offer inspiration to those aiming to conserve 2 
these other resources. 

The Svalbard effort already shares its ethos 5 
with another scheme, called the Millennium § 
Seed Bank Project, run by Britain's Kew Gar- 2 
dens. Based in the temperate garden of an € 
English stately home, this bank is somewhat ” 
less theatrical than a frozen mountain bunker. 
But Britain's freezer is the only other to be stor- 
ing seeds from all over the world, and aims to 
safeguard morethan 24,000 wild plant species, 
including somecrops. Together with Svalbard, 
the banks will still preserve only a fraction of 
the world’s plant species, 
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Cold comfort 
Keeping spares of the animal kingdom poses 
even more of a challenge. “Its a lot easier to put 
1,000 radish seeds in cold storage than frozen 
animal material,’ says Don Bixby, a cryopreser- 
vation technician and former executive director 
of the American Livestock Breeds Conservancy 
(ALBC), a North Carolina-based non-profit 
organization. Yet the problem of dwindling 
diversity is just as great, if not greater, in the 
worlds livestock as itis in its crops. Last year, a 
survey by the United Nations Food and Agri- 
culture Organization revealed that 16% of the 
world’s 7,600 recorded indigenous breeds of 
cattle, pigs, sheep and poultry are at risk of dis- 
appearing — 11% have already gone extinct. 
This has mostly resulted from the rise of 
high-yield breeds such as the familiar black- 
and-white Holstein-Friesian dairy cow, now 
found in 120 countries. International breeding 
companies have promoted these breeds, and 
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Rice crop from Bali, Indonesia (above) will be 
among 1.5 million varieties sentto Svalbard. 


farmers, keen to increase their output, have 
willingly adopted them. All of the estimated 
one billion Holstein—Friesians in the world 
were ultimately sired by the same few dozen 
bulls, who have been bred for daughters with 
high milk yields and whose sperm is collected, 
frozen and sold worldwide. “We're dealing 
with an effective population of 30-35 animals 
globally,’ says Bixby. This is a “very worrying 
number’, because the homogeneous animals 
are not adapted to local drought conditions or 
to resist disease. 

Can endangered livestock breeds be given 
their own version of the Svalbard seed vault? 
Its a tricky proposition, Unlike seeds, which 
are generally capable of germinating after being 
frozen, delicate sperm, eggs and embryos are 
far moresusceptible to damage by freezing — 
and methods for doing so have to be refined for 
every species’ unique physiology. Cattle sperm 
is one success story. “Fifty-year-old semen still 
produces calves,’ Bixby says, but, “for many 
species we're not able to put away material that 
can be reconstructed into live animals.’ 

Tf there is hope of developing an animal 
counterpart to Svalbard, it may lie in the net- 
work of regional tissue banks being developed 
by the US Department of Agriculture. It has 
given itself a mandate to collect reproductive 
material from every livestock breed found in 
the country, with an emphasis on consery- 
ing genes that will be useful for maintaining 
future food production. This could go a long 


way towards saving the world’s resources, 
because the United States’ history of import- 
ing and breeding animals with valuable traits 
— which these days would be decried as 
biopiracy — means that many foreign breeds 
are represented there. But the US tissue banks 
are not designed to be a global repository for 
animal diversity, and there is no talk of starting 
such a store elsewhere. 

Cryobanks cannot, however, be the whole 
story, and parallels can be drawn with wildlife 
conservation, where breeding from cryopre- 
served material is still seenas a last resort. The 
argument here, in essence, is 
that thereislittepointin resw- 
recting frozen seeds or embryos 
iftheir natural environment has 
vanished too. “Wildlife conser- ail 
yationrealized 15 or 20yearsago | EE 
that its not good enough to just 
save aseal, or a quail — we have 
to save the ecosystems where 
they live, and in many cases that’s also true for 
livestock and food plants,’ Bixby says. 

Butagricultural systems are often excluded 
from conservation efforts because they are, by 
their nature, artificial. Some credit the organic 
farming movement with helping to preserve 
indigenous crops and livestock and their sur- 
rounding ecosystem. 

‘The Svalbard seed vault is generating almost 
universal good will, but even its support- 
ers acknowledge that it’s not enough to bank 


existing biodiversity for use after Dooms- = 
day. They also advocate efforts to withstand $ 
impending disaster — by creating breeds that Z 
can resist whatever endangers them. 
Gordon Conway, chief scientific adviser to 
the UK government's Department for Inter- 
national Development (DFID), argues that 
biotechnology techniques will prove instru- 
mental in preserving biological diversity. 
They allow, he says, genes that confer drought 
resistance or other valued traits to be moved 
from one variety to another more quickly than 
conventional selective breeding. Conway cites 
the example of a new, devastating variant of 
wheat rust fungus, called Ug99, which is 
spreading through East Africa towards the 
Indian subcontinent. Earlier this month, = 
the UN reported that ithas already been ° 
detected in Iran. 

Efforts are underway to cross disease- 
susceptible strains with natural varieties 
carrying a gene resistant to Ug99. “We 
have to get that gene into Asian variants, 
and we have to do it quickly,’ Conway 
says. In this sense, he argues, environmen- 
talists need toembrace techniques such as 
genetic modification that are sometimes 
viewed with suspicion. 

‘The Svalbard vault’s creators have not so far 
suggested using its seeds as a gene bank that 
can be mined in the future. But the bunker is 
“not the only element in the master plan’, says 
Fowler. Besides overseeing the vault, the Global 
Crop Diversity Trust has amassed a war chest 
of morethan $260 million, much of which will 
be spent on projects to breed hardier crops, 
and strengthen national and regional seed 
banks. Donors include the Bill & Melinda 
Gates Foundation, DFID, agribiotech giants 
such as DuPont and, most recently, the Nor- 
‘wegian government. The trust's work will add 
to the existing efforts of inter- 
national philanthropists such 
as the Rockefeller Foundation 
to boost the effectiveness of 
plant breeding, not to mention 
Ww the profit-driven activities of 
multinational crop firms. 
Farms thus represent the real 
battleground where the fight 
to save food diversity will be won: it is there 
that the many varieties of food species grow 
today — and it is there, ideally, that they will 
be preserved intact. For those at the Svalbard 
vaults bitterly cold opening ceremony, it’s hard 
to imagine its icy caches ever being thawed. 
And that, really, would be the best case sce- 
nario —afterall, no one wants to have to cash 
in their insurance policy, . 
Michael Hopkin is a senior reporter for Nature 
in London. 
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hings to know before jumping 
onthe iPS bandwagon 


Induced pluripotent stem cells look just like embryonic stem cells, but are easier to create and free of 
the heavy ethics baggage. David Cyranoski separates fact from fiction in a burgeoning field. 


r— xcited by their potential for biomedical research and 
_. therapyand lured by the ease with which they can be 
created, many researchers are looking into induced 
dee pluripotent stem (iPS) cells. Created from adult cells 
bya simple genetic trick, iPS cells seem to have regained 
an embryonic ‘stemness that might allow them to become 
any type ofcell in the body. The conceptis so appealing that 
some scientists and policy-makers even argue that related 
approaches such as therapeutic cloning and embryonic 
stem-cell research, which require the destruction of embryos, 
should be halted. But for biologists, iPS cells still present a 
black box. As resources pour inand patients’ expectations 
rise, some scientists wonder whether the cells are being 
overhyped. Here, Nature looks at the status of the five 
most pertinent issues on people's minds. 


Anyone can doit 
When Shinya Yamanaka and his postdoctoral 
student Kazutoshi Takahashi from Kyoto Uni- 
yersity in Japan discovered that four genes could repro- 
gram adult mouse cells, they kept it secret for nearly six 
months. They stopped having weekly laboratory meetings, 
and Takahashi fibbed to colleagues about the status of his 
work. All because the process is so simple. “If someone found 
out, they could have caught up in a flash,” he says. 
Familiar genes — Oct3/4, Sox2, c-Myc and Kif4, in 
Yamanaka’ original recipe — do the trick’. The genes are 
cloned into viral vectors, and simply adding the vectors to 
aculture of skin cells under the right conditions results in 
reprogrammed cells, 
Butas simpleas this procedure might seem, iPS cells are not 
easy to make, Kathrin Plath at the University of California, 
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Los Angeles, estimates that each ofthe reprogramming genes 
(she used six) has only a 15% chance of making it into a given 
cell. Even if they all make it, the cell has only a 5% chance 
ofbeing fully reprogrammed. The low efficiency presents a 
riddle for scientists, but with millions of cells available in a 
biopsy sample, it is nota roadblock. The trickiest part, says 
Konrad Hochedlinger from the Harvard Stem Cell Institute 
in Cambridge, Massachusetts, is finding the few cells that 
have been reprogrammed and culturing them. But thenew 
iPS cells are picky: they require just the right culture condi- 
tions — much thesameas those needed for embryonic stem 
cells —to stop them differentiating into more specialized 
cell types, “Expertise in human embryonic stem-cell 
cultureis absolutely critical,’ says Hochedlinger. 
Nevertheless, this type of expertise is becoming 
more common, Within a year, Yamanaka’s results 
had been repeated and improved in mice by hisown 
and two other groups. And since Yamanaka’ and James 
Thomson* from the University of Wisconsin in Madi- 
son first produced human iPS cells independently of 
each other in November 2007, several other groups 
have now achieved that feat. The stakes are high; the tech- 
nique is easy to learn; and researchers are flocking to the 
field, says Thomson. “The whole worldis doing it now” 
Status: Fact (mostly) 


Everyone can have their own 

custom-tailored cells 

“Therapeutic cloning’ — cloning human embryos 
togenerate stem cells that can be used to replace tissue that 


has been lost or damaged without the fear of rejection by 
the host’s body — has floundered since it was first proposed 
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in the late 1990s, mainly because of the unexpectedly dif- 
ficult challenge of acquiring the human eggs necessary 
for the procedure. iPS cells are moving full-steam ahead 

towards the same goal, patient-specific stem cells. 
But don't expect to have custom-made cells any time soon. 
Some of the viral vectors used to transfer the genes into 
cells, as well as some of the genes themselves, 


may cause cancer. Scientists expect that the heated race to 
find alternative systems, such as proteins or drugs that simu- 
late the crucial genes, or safer waysto deliver the genes, will 
produce results soon — perhaps in the next two years. 

Nevertheless, says Hans Keirstead of the University of 
California, Irvine, the “greatest challengestill exists: the gen- 
eration of high-purity, clinically relevant cell populations’. It 
takes a couple of months to establish a cell line, several more 
to expandit, more still to differentiate the iPS colonies 
into the cell types required, a few more to expand those, 
and then a good half-year of testing to ensure that the 
cells do not form tumours. The cells also have to be 
processed in facilities that adhere to ‘good manufactur- 
ing practice, which adds greatly to the cost. 

To use custom-made cells “would take a ridiculous 
amount of money’, says Yonehiro Kanemura, a neuro- 
surgeon at Osaka National Hospital in Japan. It would 
be several times more, he estimates, than the current, 
rare, patient-specific skin grafts, which costas muchas 
US$100,000. The roughly two-year process isalso too slow 
to treat disorders such as spinal-cord injury, which require 
prompt treatment ifthe damage is to be minimized. 

Kanemura’ solution is ‘ready-made iPS cells. This April, 
working with Yamanakaand Hideyuki Okano of Keio Uni- 
versity in Tokyo, he will start establishing a national library 
of therapy-ready cell lines from donated placental and cord- 
blood tissue. At first he plans to use viral vectors, switching 
to virus-free lines as these becomeavailable. Over the next 
five years, heaims to generate 200 iPS cell lines and 200 
neuronal cell lines derived from those cells. 

‘These cell lines will not be patient-specific, but Kyoto Uni- 
yersity’s Norio Nakatsujiestimates that 50 well-chosen lines 
could provide close immunological matches for 90% of the 
Japanese population. People who need the treatmenturgently 
could use the best immunological match, whereas those with 
chronic disorders might decide to fork out the money fora 
linespecific tothem, says Kanemura. Rich people might want 
to bank their own iPS cells for a rainy day — a desire that 
some companies will no doubt try to capitalize on. 

Status: Fiction (unless you're rich) 


"Grafting evena 
very small number 
of undifferentiated 


stem cellscarriesa 
risk of tumorigenesis.” 
— Arnold Kriegstein 
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The cures are on their way 

iPS cells will probably provide models for disease 

first, cures later. Researchers could soon culture a 
‘disease in a dish’ of, say, motor neurons from a patient 
with amyotrophic lateral sclerosis, heart muscle cells from 
a person with heart disease, or retinal cells from a patient 
with macular degeneration. Those lines could be screened 
and observed as they develop, and biotech companies could 
test preventative or therapeutic drugs on them. 

‘The University of California, Los Angeles, andthe Harvard 
Stem Cell Institute, among others, are discussing plans to 
start iPS cell banks for this purpose. Hochedlinger says that 
the stem-cell institute is considering “the major diseases 
— neurodegenerative, metabolic, cardiovascular, diabetes’, 

Reaching the clinic will depend, like modelling, on how 
faithfully iPS cells differentiate into the affected cell type 
as well as on the development of safe andeffective ways to 
deliver them into the body. The foundations are already 
being laid. 

Rudolf Jaenisch, from the Massachusetts Institute of 
Technology in Cambridge, for example, used blood pro- 
genitor cells created from mouse iPS cells to treat a mouse 
witha humanized version of sickle-cell anaemia‘. He says 
that blood disorders, in which clinicians have considerable 
experience in transplanting cells, might see early application 
of iPS cells. Kyoto University’s Jun Takahashi, who studied 
neuronal precursor cells derived from embryonic stem cells 
in monkey models of Parkinson's disease’, is now pursuing 
clinical treatment with neuronal precursor cells derived from 
both embryonic stem cells and iPS cells. He hopes that 
the cells will bein clinical trials within five years. 

Whether cultures of differentiated cells for thera- 
peutic usestill retain undifferentiated embryonic stem 
cellsor iPS cells is a point of grave concern. “Grafting 
even a very small number of undifferentiated stem 
cells, perhaps as few as one pluripotent cell, carries 
a risk of tumorigenesis,’ says Arnold Kriegstein of 
the University of California, San Francisco. Everyone 
will be watching closely a clinical trial planned for 
the middle of this year — the first trial ofembryonic- 
stem-cell-based treatment — in which the pharmaceutical 
firm Geron of Menlo Park, California, will be implanting 
oligodendrocytes derived from embryonic stem cells in 
patients with spinal-cord injuries. “Application of iPS cells 
largely depends on how that trial goes,” says Okano, 

Unpublished work by Okano, based on iPS-cell treatment 
of spinal-cord injury in mice, could accelerate application. 
He claims that he has a method to weed out the potentially 
dangerous cells before they are transplanted into the mice. 
Status: Too soon to tell 

iPS cells 


Ai “There are no major differences, yet} says Plath, 
based on a rigorous characterization of morphology, chro- 
mosome profile and gene expression of human iPS cells’. 

But everyone is hedging their bets as dozens of scientists 
start to examine the key question: whether iPS cells will dif 
ferentiateas stably and diversely as embryonic stem cells. For 
the time being, iPS pioneers are looking at subtler hints, such 
as protein markers that characterize the two types of cells. But 


Embryonic stem cells are the same as 
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Hochedlinger says that “markers don't mean anything” Some 
tumour cell linesexpress protein markers of pluripotency but 
don't make anything other than tumour cells, for example. 

And reports ofthe iPS cells’ properties have been conflict- 
ing. Thomson, for instance, found that iPS cells not only 
expressed similar genes to embryonic stem cells, they also 
expressed them more consistently’. This means that their dif- 
ferentiation might be more predictable than that of embry- 
onic stem cells. However, Robert Lanza of Advanced Cell 
‘Technology, a biotech firm in Los Angeles, California, says 
that iPS cells are much more variable. “Embryonic stem cells 
all do moreor less the sametricks. Butsome iPS cells express 
justa few markers of pluripotency, some express all” he says. 
“The resulting cell types will presumably differ as well” 

Even if iPS cell lines seem to differentiate into the cell of 
choice, some variation between lines is unavoidable. Each 
line will require rigorous testing, says Keirstead, who 
is involved in the Geron trial. “A different line may 
have a different tumorigenic potential, differentiation 
potential, migratory potential, and react with the host 
ina unique way. It represents a different product, so 
must be fully tested as such.” For the same reason, 
Plath recommends doing any tests or drug screens 
with multiple lines. 

Despite somescepticism about iPS cells, many key 
researchers embrace them as a preferred alternative 
to embryonic stem cells. “Only time will tell, but I 
know where I'm going,’ says Thomson, who was the 
first to establish human embryonic stem-cell lines in 
1998, If things go as he predicts, it could be the end of 
anera. “If you can't tell the difference between iPS cells and 
embryonic stem cells, theembryonic stem cells will turn 
out to be a historical anomaly,’ he says. 


Status: Fact (so far,anyway) 

5 Days after Yamanaka and Thomson announced 
the creation of human iPS cells, President George 

Bush hailed the research as a sign of “scientific advance- 

ment within ethical boundaries” — a feat for which he gives 

himself partial credit. 

A week later, though, Yamanaka told Nature: “We are 
presenting new ethical issues, maybe worse ones, because 
many people can do this — and without telling anybody” 
Yamanaka was concemed that someone might use iPS cells 
to derive gametes — human reproductive cells. Eggs and 
sperm could both be derived from iPS cells from a man, for 
example, and then be used in an in vitro fertilization pro- 
cedure. The result would not be an identical clone because 
genes reassort during formation of the gamete. But it would 
be “strange and potentially dangerous’, says Yamanaka, 


iPS cells have no ethical issues 
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“If you can't tell the 


difference between iPS 


cells and embryonic 
stem cells, the 


embryonic stem cells 
will turn outtobea 

historical anomaly.” 
— James Thomson 


Gametes from iPS cells could meet demands for infer- 
tility treatments. And producing eggs from male iPS cells 
would allow a gay couple to produce offspring between 
them. (Lesbian couples would be out of luck, as Y-chromo- 
some genes are needed to produce sperm.) 

Such fertility treatments would be plagued by safety 
issues, but judging from experiments with embryonic stem 
cells, they won't happen soon. Morphologically similar 
versions of both eggs and sperm have been derived from 
embryonic stem cells, but only one group has reported that 
embryonic-stem-cell-derived gametes — mouse sperm in 
this case — led tolive births when combined with normal 
eggs, and the results have yet to be repeated’. 

iPS cell adventurers might also try to create a live, cloned 
human, Jaenisch managed to clone mice, by transferring iPS 
cells into a specially developed embryo made by fusing the 
cells ofa two-cell embryo. By putting these embryos into sur- 
rogate mothers, Jaenisch produced several fetuses that were 
genetically identical to the iPS cell source. (There were nolive 
births, but Jaenisch says thatis only a matter of trying.) 

Repeating the experimentin humans would, according to 
Jaenisch, “be possible in principle”. He adds, however, that 
because “more than 100” embryos are probably needed to 
make it work, it would be unrealistic and a ridiculous thing 
todo. But as fertilized embryos are easier to get than the 
fresh eggs used in cloning, some maverick might give it a try. 
iPS cells generated froma person couldalso be inserted 
into a fertilized embryo to make a chimaeric baby. 

‘These reproductive strategies would probably fail, 
at least with the current state of the technology, But 
given the rapid rate of innovation andthe wide range 
of iPS cell capabilities, dangerous experiments will 
be more difficult to monitor. “Before, you had aspe- 
cific community to focus inon — the practitioners of 
assisted reproduction. [With iPS cells] it will be dif- 
ficult, especially in a place such as the United States, 
where there is so much dependence on self-regula- 
tion,” says Paul De Sousa of the Scottish Centre for 
Regenerative Medicine in Edinburgh. 

Yamanaka's concern about the ethics drove him to 
lobby the government for regulation. On 21 February, Japan's 
science ministry sent all universities and research agencies 
a notification specifically forbidding “the implantation of 
embryos made with iPS cells into human or animal wombs, 
the production ofan individual in any other way from iPS 
cells, the introduction of iPS cells into an embryo or fetus, 
and the production of germ cells from iPS cells”. 

Status: Fiction (depends on what you want to do) 


Yamanaka says that society, not scientists, must quickly deal 
with the challenges that iPS cells present. “Iam proud of this 
technology, but I feel a great responsibility,’ he says. . 
David Cyranoski is Nature's Asia-Pacific correspondent. 
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Canadian government is 


committed to science 
SIR— In your Editorial ‘Science in retreat” 
(Nature 451, 866; 2008), you criticize the 
Canadian Conservative government's 
record on science issues. This criticism 
isunwarranted. 

First, our government is committed to 
attracting and retaining talent, supporting 
world-leading research and ensuring that, 
through commercialization, the research 
discoveries of Canada’s best and brightest are 
transformed into practical applications. 
When prime minister Stephen Harper 
unveiled the national strategy Mobilizing 
Science and Technology to Canada’s 
Advantage in May 2007, he charted out the 
government's much-needed change of 
direction on science and technology policy, 
heralded by the creation of the 18-member 
Science, Technology and Innovation Council 
to advise government and benchmark 
Canada’s performance against international 
standards of excellence. 

Second, the Editorial neglected to mention 
important investments made by the 
government in research. For example, the 
Canadian Institutes for Health Research 
spends more than $700 million a year, 
supporting the work of more than 11,000 
researchers and trainees in universities, 
teaching hospitals and research institutes 
across Canada, 

Third, the government has reversed years 
of cuts to federal fisheries science. The 
department's science budget has been 
permanently increased, including an 
additional $39 million over two years. We are 
modernizing our research facilities andhave 
started to renew the coastguard fleet so that 
scientists have reliable platforms for their 
experiments. More researchers have been 
hired to workon Arctic science, and we have 
committed personnel, equipment and 
financial resources to the International Polar 
Year — the largest-ever international research 
programme into the Earth’s polar regions. 
Our $150-million investment in this initiative 
will enable our scientists to work with 
colleagues from 60 other nations to study 
climate change and the health and well-being 
of northern communities. 

Your comments about this government's 
attitude towards climate change are 
misleading, Both the prime minister and the 
minister of the environment have frequently 
made it clear that the government considers 
climate change to be one of the greatest 
threats facingthe world today and that it 
accepts the Intergovernmental Panel on 
Climate Change reports on the topic. 

Finally, accusations that Environment 
Canada’s scientists are being “muzzled” are 
false. The government's new media policy is 
in line with that of many other government 
departments, echoing the 2002 Government 


Communications Policy. Since this new 
policy has been in place, Environment 
Canada’s scientists have done dozens of 
interviews in a variety of areas. 

As for Canadian scientists who contributed 
to the Nobel Prize-winning IPCC group, the 
government has formally recognized them 
with a motion in the House of Commons 
in honour of their work, which was passed 
unanimously by all parties. 

A factual assessment of our government's 
record demonstrates a clear commitment to 
enhancing Canada’ reputation as a world 
leader in science and technology. 

Jim Prentice 

Office of the Minister of Industry, 
House of Commons, Ottawa, 
Ontario KIA 0A6, Canada 


Call for a centralized grant 
proposal repository 


SIR — Writing grant proposals is difficult 
enough; keeping track of different deadlines 
makes for an endless cycle of procrastination 
and frantic preparation. The added stack of 
bureaucratic forms, with arcane variations 
from agency to agency, can tip one over the 
edge as a deadline nears. 

Isitalmost too obvious to wish fora 
centralized proposal repository? Investigators 
could submit proposals at any time, ina 
common format that highlights the science 
rather than obliterating it with red tape. 
Funding agencies could search the repository 
for proposals matching their interests. A 
minimum of bureaucratic information would 
be required up front. Budget details could be 
worked out between funding agencies and 
investigators as necessary. 

Ideally, all proposals would be publicly 
accessible. However, most of the scientific 
community has not yet accepted the 
inevitable dawn of truly open science. 
Submissions to the repository could 
therefore be made accessible only to funding 
agencies that agree to keep proposals private 
(unless a submitting investigator indicates 
a willingness to sharehis or her proposal 
publicly). 

A repository would make life easier for 
scientists by eliminating the hassle of 
searching for suitable grant mechanisms and 
the stress of meeting various deadlines. It 
would make life easier for funding agencies 
by expanding the pool of applications from 
which to choose, Of course, the best 
proposals couldattract offers from multiple 
agencies. Rather than forcing investigators to 
choose non-overlapping sources of funding 
for each project, why not use the repository to 
mediate shared funding agreements that 
could benefit everyone involved? In effect, 
it would serve as the mediator between grant- 
seekers and grant-providers. 


CORRESPONDENCE 


Ina world where eBay, Facebook and 
Google powerfully demonstrate the 
communal nature of the Web, it isa pity 
that scientists and funding agencies don't 
havea similarly modern forum for matching 
their interests and offers. 

Noam Y. Harel 

Yale University Department of Neurology, 

PO Box 208018, 333 Cedar Street, New Haven, 
Connecticut 06520, USA 


Readers are welcome to comment at 
Nautilus, our blog for authors: http:// 
tinyurl.com/2zdar9. 


Unfair statistics take the 
bloom off St Louis 


SIR — I take issue with a statistic quoted from 
Congressional Quarterly's 2007 publication 
‘City Crime Rankings’ in your Naturejobs 
Regions feature ‘Almost in bloom (Nature 
452, 122-124; 2008). 

This statistic does a disservice to St Louis 
in ranking it as the second most dangerous 
city in the United States. Congressional 
Quarterly’s comparisons are unreliable 
because they are based on the FBI's Uniform 
Crime Reports rankings, which are affected 
not only by the size of a city’s population but 
also by that of the surrounding suburbs. 

As the crime rate equals the number of 
police-recorded crimes divided by the city’s 
residential population, cities with a small 
population relative to the surrounding 
suburbs will have inflated crime rates. 

The city of StLouis has about 10% of the 
metropolitan-area population (about 

90% of the population lives in the suburbs), 
whereas the city of Memphis, for example, 
houses more than 50% of the relevant 
metropolitan-area population. Because 
assaults on suburbanites that happen in the 
city are included in the numerator but the 
victim is not included in the denominator, 
the crime rate of St Louis is inflated relative 
to that of Memphis. 

If crime-rate comparisonsare limited to 
metropolitan areas, the rankings can change 
dramatically — the position of St Louis 
moves to 120th (see R. Rosenfeld and 
J. Lauritsen Contexts 7, 66-67; 2008). 
Understanding the actual situation is 
important because, as noted in your feature, 
the way is then open for St Louis to become 
“ahip, feisty biotech hub’. 

Scott Jacques 

Department of Criminology and Criminal Justice, 
University of Missouri-St Louis, St Louis, 
Missouri 63121, USA 


Contributions may be submittedto 
correspondence@nature.com. Please 
see the Guide to Authors at http:// 
tinyurl.com/373jsv. 
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View from the top 


From prisoner-of-war to head of Europe's space agency, astrophysicist Reimar Liist reflects on his career. 


Der Wissenschaftsmacher 

Reimar Liist in dialogue with Paul Nolte 
C.H. Beck: 2008. 300 pp. €24.90 

(in German) 


Stefan Klein 

Reimar Liist was born into a pious house- 
hold in the west German town of Barmen 
on 25 March 1923. His rebirth, as he calls 
it, came 20 years later in the icy-cold waters 
of the Bay of Biscay in the North Atlantic. 
A British depth charge had destroyed the 
U-boat on which he was serving as a subma- 
rine officer of the German Nazi navy. Eleven 
men drowned. Liist was rescued by a Brit- 
ish vessel and was sent to a prisoner-of-war 
camp where, for relaxation, he solved calcu- 
lus problems on toilet paper. Thus began his 
career, first as a leading astrophysicist and 
space scientist, and then as an influential 
science manager and policy-maker. 

In Der Wissenschaftsmacher (The Science 
Maker), Liist’s personal reminiscences are 
recordedas a series of discussions with the Ber- 
lin historian Paul Nolte. They cast a unique light 
on contemporary German history — and the 
integration of Europe — as the astrophysicist 
reaches his eighty-fifth birthday. 

List had volunteered for the navy in the 
Second World War hoping to escape the 
regimented life imposed by the paramilitary 
Hitler Youth organization. Yet, at the time, he 
was also convinced that Germany needed an 
authoritarian regime. The Weimar Republic, 
the attempt to install a democracy in Ger- 
many after the First World War, had proved to 
bea dismal failure. He objected to the Nazis 
mainly because he could not bear the egos of 
party functionaries. Naively, 
Liist believed that the Fihrer 
would not have accepted the 
excesses of his followers had 
he known about them. 

Liist could not — and did 
not want to — see what was 
going on around him during 
the war, When he was sta- 
tioned in Amsterdam in 1942, 
he enjoyed a performance of the St Matthew 
Passion in the city’s Concertgebouw while the 
German occupation regime was preparing for 
the deportation of the Jews. Liist remembers 
that spring only as the “nicest time” he spent 
in the navy. Seldom has the state of mind 
of a highly intelligent young man of good 


“Liist seems to be 
curiously ambivalent 
about the tension 
between science and 
politics, the running 
theme of his career.” 


Reimar List, whoturns 85 this week, realizedthat German researchand politics needed each other. 


family during the Third Reich been described 
so candidly. 

His awakening finally came in one of the 
US prisoner-of-war camps where he was 
interned. Inmates were required to look at 
photographs that were taken during the lib- 
eration of the Bergen-Belsen concentration 
camp by the British army, who found tens of 
thousands of starving, sick and dead prison- 
ers. Only then did he realize that “criminals 
had sent us to war”. The camp also offered him 
achance to study. Behind the barbed wire, 
imprisoned German officers 
ran a nearly complete univer- 
sity. Litst says he “never heard 
better lectures”. 

Returning to a destroyed 
Germany in 1946, List raced 
through graduate and post- 
graduate degrees, obtaining 
his doctorate at the Max Planck 
Institute for Physics in Géttin- 
gen, which was then headed by Werner Heisen- 
berg. His supervisor was the physicist and 
philosopher Carl Friedrich von Weizsiicker, 
brother of the future German president Rich- 
ard, Liist worked in theoretical plasma physics 
and astrophysics for the next 10 years. Four 
of these he spent in the United States, where 


“life seemed to bea lot easier”. The California 
Institute of Technology, where he did his last 
stint, still seems to him today to be the “ideal 
university”. ‘Learn from America’ became a 
recurring theme throughout his life, as it did 
for the young Federal Republic of Germany. 
At first, Liist had little inclination to get 
involved in politics. He even avoided the stu- 
dent advisory council, saying that the Hitler 
Youth and the war had satisfied his political 
appetite. His position changed after 1960 
when space science became, as Nolte puts 
it, the “focus of euphoria about the future”. 
Liist grasped that space research and politics 
needed each other. He became a member of the 
space-research planning committee in Konrad 
Adenauer’s government and, in 1962, became 
the science director of the newly founded 
European Space Research Organization. 
Over the following four decades, he occu- 
pied numerous high offices in a nation that 
first had to wrestle with the concept of its own 
democracy, then with recognizing its finite 
resources, and then belatedly had to finda 
place for itself amid the sharpened interna- 
tional competition. He was, among other 
things, chairman of the German ScienceCoun- 
cil, president of the Max Planck Society and 
founding director of the private International 
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University Bremen. “For the family there were 
the summer holidays,” he says. 

At the European level he rose to be general 
director ofthe European Space Agency, just as 
big science was establishing itself. It became 
increasingly difficult to defend basic research 
against demands for immediate economic, 
military or societal returns. In Europe, in par- 
ticular, a consensus needed to be found among 
the various nations because space research 
and other expensive projects exceeded the 
resources of even the large countries. Liist 
remains convinced that Europe must develop 
its own technologies, saying, “You should give 
up the idea of ever being able to cooperate with 


EXHIBITION 


the Americans in technological projects.” 

The final conversation in the book con- 
cerns science ethics. Here, Liist seems to 
be curiously ambivalent about the tension 
between science and politics, the running 
theme of his career. He refers to the moral 
responsibility of politicians to listen to the 
opinion of scientists before making a deci- 
sion, yet criticizes the same politicians for 
hiding their indecisiveness behind scientific 
expertise. 

Nolte is a perceptive and well-prepared 
interviewer. His role in the discussions is to 
link Liist’s reminiscences to their historical 
context, and he succeeds well in doing so. 


Industrial paint's artistic legacy 


Christopher Turner 

Since Isaac Newton, colour has often been 
equated with visual music. Color Chart: 
Reinventing Color, 1950 to Today, show- 
ing at New York’s Museum of Modern Art 
(MoMA), takes a different view. It celebrates 
the influence of industrial, mass-produced 
and standardized hues on the art of the past 
60 years. Astonishingly, it is the first exhi- 
bition devoted exclusively to colour in the 
museum's 79-year history. 

Newton unified theart and scienceof colour 
by dividing the spectrum into seven colours 
— rather than eight — to make an analogy 
between the chromatic and musical scales, In 
his Opticks treatise of 1704, Newton pictured 
the primary colours and their complements 
as a circular diagram. Artists relied on this 
‘colour wheel’ for the next two centuries to 
create visual harmonies in their paintings. In 
the synaesthetic abstractions of Vasily Kand- 
insky or the subtle vibrations of Josef Albers’ 
geometric canvases, colours were given 
spiritual or affective attributes that built on 
Newton's scheme. 

MoMAs exhibition takes its cue instead 
from a 1918 surrealist work by Marcel Duch- 
amp enigmatically titled Tu m’ (You (fill- 
in-the-blank) Me), The three-metre-wide 
canvas was the artist's last painting; disillu- 
sioned with conventional art, he intended it 
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as a comment on the end of painting itself. 
Juxtaposed with the ghostly grey shadows 
of Duchamp’ famous ‘ready-mades’ — the 
urinal, the bicycle wheel and the bottle rack, 
which he exhibited to demonstrate that art 
could be found in utilitarian objects — isa 
cascade of lozenges of different colours that 
resemble samples froma commercial colour 
chart. In interpreting this canvas, the MoMA 
curators have made a case for industrial paint 
as a ready-made item in itself, and explore the 
revolutionary impact of Duchamp’ legacy in 
the use of colour by contemporary artists. 

Ready-mixed industrial paints became 
widely available for household use in the 
1880s, and were advertised with colour charts 
that altered Newton's circle by displaying hues 
in random rather than scientific order. In 
the 1950s, the more robust acrylic paint was 
invented. A fast-drying polymer, acrylic did 
notlend itself to the painterly mixing and lay- 
ering of colours that oils allow. Consequently, 
the work of many of the 44 selected artists 
on show feature large monochromes or flat 
applications of colour. The artist’s palette was 
jettisoned and colours applied directly to the 
canvas 50 as to, in Frank Stella's words, “keep 
the paint as good as itis in the can’. Working 
in this way, as Andy Warhol affirmed, was 
essentially ‘painting-by-numbers, 

In 1954, Yves Klein createda spoof brochure, 


But the concept of the book is, at times, also 
its weakness. Nolte'stitle, The Science Maker, 
confines his questioning to Liist’s active pro- 
fessional roles rather than simply inviting the 
researcher to act as an educated witness to 
his times. This memoir fills along-standing 
hole, placing the voice of a scientist among 
the many historical accounts of the twenti- 
eth century written by novelists and social 
scientists. More than that, it is an appeal from 
an exceptional scientist to his colleagues to 
accept responsibility in society. . 
Stefan Klein is a science writer based inBerlin. 

His latest book is Time: A User's Guide (US title 
The Secret Pulse of Time). 


Now at MoMA: Duchamp's 
Tum’ comments on the 
death of painting with the 
arrival of industrial paint. 


designed to mimic a paint catalogue, to 
‘advertise’ a series of non-existent canvases. 
This sample book was filled with large col- 
our swatches with grandiose titles such as 
A Londres or A Paris (the latter is painted 
using the brilliant azure that Klein later pat- 
ented as International Klein Blue). Twelve 
years later, Gerhard Richter enlarged the lit- 
tle sample cards that are available in hard- 
ware stores into panels forming a painting of 
2.5-metre-high columns of vivid colour that 
is more than nine metres long. 

Other works, including a series of collages 
by Ellsworth Kelly composed of squares of 
gum-backed paper and a spot painting by 
Damien Hirst, see colour applied in random, 
jarring combinations to queasy effect. Per- 
haps these works show us a portrait of our 
time. Kandinsky wrote that he saw the art of 
the past as if it were an orderly message from 
a vanished age. After experimenting with his 
own colour theory, and rejecting Newton's 
visual harmonies, he concluded that moder- 
nity was characterized instead by disorder: 
“Clashing discords, loss of equilibrium ... 
opposites and contradictions — this is our 
harmony.” . 
Christopher Turner is a writer based in New York. 
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Color Chart; Reinventing Color, 1950 to Today runs at 
the Museum of Modern Art, New York, until 12 May. 
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How faces share feelings 


Jascha Hoffman 

Forty years ago, psychologist Paul Ekman 
took his camera to the island of New Guinea 
to photograph the faces of the South Fore 
people. He wanted to prove that the expres- 
sions on their faces did not mirror social con- 
vention but were universal displays of human 
emotion. A set of these photographs, which 
launched Ekman’s long career deciphering the 
secrets of the human face, is now on display 
in the new Mind exhibition at San Franciscos 
Exploratorium. 

In the 1960s, many anthropologists thought 
that a smile could convey joy in one culture 
and disgust in another. Ekman had a hunch 
that this relativistic thinking was wrong. 
Almost a century before, Charles Darwin had 
conducted his own interna- 


were some misunderstandings. 
Ekman’s attempt, recorded on 
film, to inspire fear bylunging at 
a South Fore boy with a rubber 
knife caused nothing but laugh- 
ter. After this experiment failed, 
he had to hand out cigarettes and 
soap to get people to take partin 
further ones. Yet when partici- 
pants were asked to point toa 
pictured face that matched the 
emotion evoked by a particular 
story — anger, disgust, fear, joy, 
sadness or surprise —they made 
the same associations as people 
living elsewhere. There was one 
exception. The South Fore peo- 
ple did not distinguish between 


tional survey of facial expres- "There was one fear and surprise. Ekman now 
sions in the belief that they exception. The South speculates that they may have 
were universal. Inspired by Fore people did not had trouble telling these two 


this approach, Ekman secured 
military funding for a series of 
experiments that showed that 
people from Japan and Chile, 
among others, could read expressions on 
North American faces. When the American 
anthropologist Margaret Mead protested 
that exposure to magazines and films might 
have obscured the differences between cul- 
tures, Ekman set out to test the most isolated 
humans he could find. “I needed to study 
people who had never had contact with the 
outside world,” he explained. “I wanted to set- 
tle it decisively.” 

When he arrived in New Guinea, there 


distinguish between 
fear and surprise.” 


emotions apart because, as he 
says: “In that culture, anything 
totally unexpected is going to be 
threatening” 

Since his South Fore study, Ekman has 
found only one more emotion with a uni- 
versal expression: contempt. Some other 
emotions, such as guilt, shame and interest, 
have not been added to the list of universals 
because they are expressed in different ways 
even in the same culture. One might expect 
some expressions to be learned by mimicry, 
but Ekman cites evidence to the contrary: 
psychologist David Matsumoto found that 
blind judo wrestlers show the thrill of victory 


Facial expressions do 
not always mirror social 
conventions. 
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and conceal the agony of defeat in precisely 
the same ways that sighted athletes do. “It’s 
not something we have to learn by observing 
others,’ Ekman says. “Its got to be stored in the 
brain. Nobody knows where.” 

Ekman went on to devise a 
system to classify facial expres- 
sions using the movements of 
43 muscles in the face. He dis- 
covered that hidden emotions, 
such as those caused by lying, 
can be revealed by fleeting micro- 
expressions. His system is now 
used by computer animators 
to create realistic facial anima- 
tions and by police officers inter- 
viewing suspects. Ekman is also 
working with the US Depart- 
ment of Homeland Security to 
train airport staff to identify 
potential hijackers by searching 
for suppressed fear and disgust 
in passengers faces. 

One item in the exhibition stands out. A 
tiny video screen shows Ekman’s 1967 foot- 
age of a group of boys playing outside the 
window of his hut in New Guinea. After dis- 
appearing from view, a young boy suddenly 
sticks his head back into the frame and pulls 
faces at the camera. The scene is so familiar, 
yet, after one has paid such close attention 
to facial detail, it seems utterly foreign. It is 
a reminder of how flexible our faces are, and 
of how much we can convey when we know 
someone is watching. a 
Jascha Hoffman isa writer based in New York City. 


The Search for Universals in Human Emotion: 
Photographs from the New Guinea Expedition runs 
until 11 May at The Exploratorium, San Francisco, 
California. 
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Aneye for detail 

Jenny Meyer stepfather and teacher, Jakob 
Maria Sibylla Merianis one of the Marrel. 

most significant seventeenth- Merian led an unconventional life. 
century artists of natural history. | Aged 38 and already theauthor 


Her carefully observed records of 
plants, insects and animals are on 
display at the Rembrandt House 
Museum in Amsterdam until May, 
movingto the Getty CenterinLos 
Angeles, California, in June. 
Showing her as both scientist and 
artist, the exhibition Maria Sibylla 
Merian & Daughters: Women of 
Artand Science offers glimpses of 
Merian's methods, and includes 
mounted insects invarying states 
ofmetamorphosis. Thecollection 
isinterspersed with paintings 
and prints by otherartists who 
influenced her, including her 


of two books on caterpillars and 
a three-volume set on flowers, 
she left her husband and entered 
ateligious commune with her 
‘two daughters. Five years later, 
she and her daughters movedto 
Amsterdam and established a 
business selling artists’ materials 
alongside preserved insects and 
animals. 

In 1699, Metian travelled to 
Suriname (then a Dutch colony) in 
South America with her youngest 
daughter, Dorothy, and stayed 
there fortwo yearsto observe 
and record lifein the tropical 


first time, 


rainforest IilhealthforcedMerian _andstillretain their 

toretum to Amsterdam where originalbrilliantcolours. =m 

she publishedherfindingsin 

the Metamorphosis Insectorum Maria Sibylla Merlan & Daughters: 

Surinamensis abreathtakng work, WomenofArtandSdeneel at 

no randt House Museum, 

a eae ‘Amsterdam, until 18 May and then at 
the J. Paul Getty Center, Los Angeles, 

arealsoon public displayfor the from10 Juneto’31 August. 
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Hidden treasures: Florence's botanical collection 


Italy's first centralized museum of plants was one of the early flowerings of the unification movement. 
Alison Abbott reports on an important scientific legacy. 


During the nineteenth-century movement for 
the unification of Italy known as the risorgi- 
mento, governors of the fractious independent 
states on the Italian peninsula were wary of 
gatherings of intellectuals — they tended to 
talk unification politics, and to be patriots. It is 
a measure of the open-mindedness of the lib- 
eral Leopold II, Grand Duke of Tuscany, that 
in 1841 he allowed the Third Congress of Ital- 
ian Scientists to be held in his capital, Florence, 
despite that incendiary label ‘Italian. 

Better still, Leopold rushed the completion 
ofa special room in which to host the congress: 
the Tribune of Galileo in the citys Imperial and 
Royal Museum of Physics and Natural History, 
which Leopold's ancestor had created a century 
earlier in a medieval palace on the outskirts of 
town. The Tribune, with its marble busts, fres- 
cos and mosaics, doubled asa shrine to Galileo, 
whom risorgimentists had adopted asa symbol 
of united Italy. 

It was atthe Third Congress of Italian Sci- 
entists that the idea ofa centralized 
herbarium in the Italian-speaking 
countries was proposed by Filippo 
Parlatore. This lively Sicilian had 
recently abandoned medical career 
in favour of botany, his true pas- 
sion, and he left his native Palermo 
in 1840 to tour the botanic centres 
of Europe. From Paris, he sent the 
congress a missive deploring the 
state of the small collections he had 
visited in Italy and arguing for the 
foundation of a single herbarium to 
develop the new disciplines of taxonomy and 
phytogeography, the geographical distribution 
of plant species. 

His proposal strucka chord with the congress 
attendees. More importantly, it won theapproval 
of the Grand Duke, who would be paying for it. 
Leopold subsequently invited Parlatore to be the 
first director of the Herbarium Centrale Italicum 
in the Imperial and Royal Museum. Today, the 
herbarium is among the most scientifically valu- 
able historical plant collections. 

Parlatore took office in 1842, and Italy's most 
important botanists began to send him theircol- 
lections of dried plants pressed between sheets 
of paper. His acquisitions were crowned in 1850 
byabequest from his friend, the famous English 
botanist Philip Barker Webb. Webb lefthis entire 
collection of around 500,000 specimens as well 
as his extensive library to the herbarium. Hehad 
collected widely in Europe, Morocco and Brazil, 
and wrote one of the most important texts on 
the natural history of the Canary Islands. 

Parlatore organized exotic collecting expedi- 
tions for the herbarium; these continued into 
the twentieth century, with many specimens 
beingadded from Italy’s East African colonies. 
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Botanists from all over Europe regularly visited 
the resulting collection. 

Parlatore also curated an extraordinary col- 
lection of wax plants and fruits, including some 
models of plant anatomy and pathology. The 
collection showed visitors all parts of a plant, at 
all times of year. The wax models were made by 
the same artists who produced the more widely 
known human anatomy ones. 

These artists worked under the guidance 
of expert botanists, such as Giovanni Battista 
Amici (1786-1863), a polymath whose interest 
in optics led him from telescopes and astron- 
omy to microscopes and plant anatomy. The 
pots in which the wax plants stand, and the 
ceramic shells displaying their wax seeds, were 
made at the Doccia porcelain factory near Flor- 
ence, supplier of fine figurines and tableware 
to the rich and royal. 

Visitors can now see more than 500 of these 
bright and beautiful wax specimens, which 
at first glance are indistinguishable from the 
real thing. They can also enjoy a collection of 
around 60 botanical portraits — oil paintings 
that were commissioned by Florence’ powerful 
Medici family, in part to show off their valuable 


Intricate wax models (aboveand left) of plants at Florence's Museum of Natural 
History lookjust like the real thing, 
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exotic plants all year round. 

After Italy’s unification in 1861, botanical 
research came to be dominated by the micros- 
copy techniques that Amici helped to develop. 
Taxonomy fell out of fashion and the herbar- 
ium and its curious wax models were mostly 
relegated to teaching tools. The collection was 
moved to the nascent university in the centre 
of town, where it is still housed, To this day, 
many of the holdings have not yet been exam- 
ined by scholars. In the 1930s, Galileo’s instru- 
ments and other memorabilia — including his 
mummified finger — were transferred from 
the Tribune of Galileo to Florence's new Insti- 
tute and Museum of the History of Science, But 
the Tribune itself and the entire Imperial and 
Royal Museum of Physics and Natural His- 
tory more than reward a visit. Through their 
political ideals, the risorgimentists facilitated 
a wonderful scientific legacy. 

Alison Abbott is Nature's Senior European 
Correspondent, 


The botany section of the Museum of Natural 
History canbe visited by appointment at4 Viala 
Pira, 50121 Florence, Italy. 
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Fewer steps deliver 


faster, better data 


New Luminometer Provides 
Bioluminescence and 
Multiplexing Capabilities 


The Promega GloMax®-Multi Detection System gives 
you bioluminescent, colorimetric and fluorescent 
solutions for quantifying your most challenging and 
complex cell signaling experiments. It's an integrated 
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CATALYSIS 


Triumph of a chemical underdog 


Gorka Peris and Scott J. Miller 


In the fable of the tortoise and the hare, the reptilian slowcoach beats its fleet-footed rival ina race. A zinc 
catalyst recreates this story by giving aless reactive chemical group a turn of speed over arival group. 


Ranking the inherent reactivity of chemi- 
cal groups was crucial for propelling organic 
chemistry into the realms of rational science. 
This groundwork was achieved over the course 
of many decades, and a basic knowledge of 
which groups react faster than others is still 
essential today. But can the reactivity of chemi- 
cal groups be tinkered with, so that, in a mol- 
ecule containing several groups, the less-active 
ones react before the more reactive? Report- 
ing in the Journal of the American Chemical 
Society, Ohshima et al.’ report a remarkable 
catalyst that can reorder the reactivity of two 
common chemical groups —a revelation that 
is certain to inspire chemists everywhere. 

Catalysts come in many forms (enzymes, 
metal complexes, polymers, small organic 
molecules and so on), each with an armoury 
of features that chemists exploit in different 
situations. The most powerful catalysts enable 
otherwise inert groups totake part in all sorts of 
useful reactions. But one of the toughest chal- 
lenges for a catalyst is to distinguish between 
many reactive sites withina single, complex mol- 
ecule, especially when the same chemical group 
occurs several times. Furthermore, in organic 
synthesis, it isn’t always desirable to work with 
the mostreactive chemical groups first, so cata- 
lysts that allow reactions to occur selectively at 
less reactive sites are highly desirable. 

Enzymes are the acknowledged masters at 
reversing the reactivity of chemical groups in 
molecules’, but non-enzymatic catalysts may 
on occasion compete for the accolade. For 
example, transition-metal complexes have been 
discovered that reverse the order in which car- 
bon-carbon double bonds (C=C) tend to react 
in oxidation reactions of geraniol’,a molecule 
commonly used in studies of chemical synthesis 
and biosynthesis. In some reactions, antibodies 
canbe generated that control the conformation 
ofa substrate in a transition state, redirecting 
the course of the reaction so that the less reac- 
tive of two otherwise similar bonds is broken’. 
In our own laboratory’, we have found that 
small, peptide-based catalysts can reorder the 
reactivity of several hydroxyl (OH) groups 
within the antibiotic erythromycin A. 

But changing the order in which two differ- 
ent chemical groups react is another matter 
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Figure! | Selective reactions with azine catalyst. 
Ohshima ef al." have made a zinc catalyst that 
reverses the intrinsic reactivity of alcohols (which 
contain OH groups) and amines (which often 
contain NH; groups). Zn is zinc, Fis fluorine, 

a, When a 1:1 mixture of an alcohol (red) and 

an amine (blue) is reacted with an ‘electrophile’ 
(such as benzoyl chloride) in the presence of a 
base, only the amine will react. b, In the presence 
of Ohshima and colleagues’ catalyst, the alcohol 
reacts preferentially. Here, the electrophile is 
methyl benzoate, a less reactive analogue of 
benzoyl chloride. ec, When a molecule containing 
both an OH group andan NH, group reacts with 
methyl benzoate in the presence of the catalyst, 
the OH group reacts preferentially, 


entirely, especially if one of those groups ordi- 
narily reacts much faster than the other. A good 
example from classical chemistry uses copper 
catalysts to make organomagnesium reagents 
react at C=C bonds, rather than at adjacent, 
more polarized carbonyl (C=O) bonds* that 
would normally react first. 

Perhaps more dramaticis reversing the order 
of reactivity of hydroxyl groups and amino 
groups (nitrogen-containing groups found 
in organic bases known as amines). These 
two chemical groups are nucleophilic — they 
attack other molecules, called electrophiles, 
that contain areas of positive charge. But 
amino groups are generally far more nucleo- 
philic than hydroxyls, so that when an amine 
and an alcohol (a compound that containsa 
hydroxyl group) are mixed together with a 
limited amount ofa common electrophile, the 
electrophile reacts almost exclusively with the 
amine’. Similarly, for compounds that contain 
both an amino group and a hydroxyl group, 
an electrophile will typically react at the amine 
part of the molecule, Reaction at the hydroxyl 
is often not possible unless the amino group 
is first modified in a separate step using a 
‘protecting group’ to make it less reactive. 

But Ohshima et ai.’ have successfully 
reversed the reactivity of hydroxyl andamino 
groups by using a zinc catalyst (Fig. 1). When 
they mixed equal molar quantities ofan amine 
and an alcohol together with an electrophile, 
in the presence of the catalyst, the alcohol 
reacted far more rapidly to form an ester prod- 
uct (instead of the amine reacting to form an 
amide). Likewise, when the authors mixed 
a compound containing both amino and 
hydroxyl groups with the same electrophile 
and catalyst, the hydroxyl group reacted much 
faster to produce an ester (Fig. 1b). The reac- 
tions are remarkable not only for their selec- 
tivity, but also for their speed and high yields: 
uncatalysed versions of these reactions are 
staggeringly slow under similar conditions. 

The net result of these reactions is known 
as an ‘ester interchange, because the elec- 
trophile, like the product, contains an ester 
group (an oxygen adjacent to a C=O bond). 
Catalytic ester-interchange reactions have 
been described before’, as have the analogous 
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—and chemically more demanding — catalytic 
amide-interchange reactions”. But Ohshima 
and colleagues’ reaction’ is truly striking 
because it overrides the order ofreactivity that 
would be expected in the absence of catalysts. 

It has long been known that catalysts not 
only speed up chemical transformations, but 
can also make reactions occur in ways that 
would otherwise be impossible. Similarly, 
the ability to manipulate reactions to obtain 
just one product when many others are likely 
to form is a long-standing goal of synthetic 
chemists. Ohshima and colleagues’ work’ thus 
represents a real advance in nucleophilic reac- 
tions. But italso reminds chemists to challenge 
their assumptions about the relative reactivity 
of the chemical groups in organic molecules. 
Such assumptions may be the biggest barrier 


to the discovery of exciting new reactions. & 
Gorka Peris and Scott J. Miller are in the 
Department of Chemistry, Yale University, 

225 Prospect Street, New Haven, Connecticut 
06520-8107, USA. 

e-mail: scott.miller@yale.edu 
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CIRCADIAN RHYTHMS 


Stem cells traffic in time 


David T. Scadden 


Circadian activity in the brain regulates the movement of bloodstem 
cellsinto and out of the bone marrow. Perhaps this processis testing the 
suitability of these cell ‘tenants’ for their new home — the remodelling bone. 


All tissue-specific stem cells move around dur- 
ing embryonic development. But mammalian 
haematopoietic stem cells (HSCs), which are 
precursors to all blood cell types, continue 
to migrate via the bloodstream throughout 
adulthood. Many of the molecules that locally 
mediate HSC movement between the bone 
marrow and the bloodstream have been iden- 
tified, perhaps the most prominent example 
being CXCL12. This protein is essential for the 
movement of HSCs to the bone marrow during 
development and their retention there in adult- 
hood. By contrast, the mechanisms underlying 
the trafficking of stem cells in adulthood, and 
their physiological significance, have remained 
relatively obscure. On page 442 of this issue, 
Frenette and colleagues (Méndez-Ferrer et 
al,)' show that HSC circulation and CXCL12 
expression are coupled to the homeostatic oscil- 
latory processes that regulate broad aspects of 
an organism's function — circadian rhythms. 
Virtually all life-forms, from unicellu- 
lar organisms to humans, experience cyclic 
increases and decreases in the levels of cellular 
molecules as a consequence of self-inhibitory 
regulatory networks. So, were it not for the hier- 
archical organization of pacemaker regulation, 
the complexity of the switches involved and 
the networks of interacting regulators would 
together result in the molecular equivalent ofa 
cacophony. The more advanced pacemakers are 
often influenced by external cues, such as the 
light-dark cycle, resultingin circadian (daily) 
and circannual (yearly) physiological rhythms. 
In mammals, certain circadian events are 
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intrinsic to a specific tissue or cell type, but they 
are largely subservient to the master pacemaker 
in the central nervous system, the suprachias- 
matic nucleus located in the hypothalamus. 
The phased activity of this brain structure in 
response to the light-dark cycle leads to a pro- 
found array of fluctuations, including changes 
in metabolic rate, cognitive function and 
immune-system reactivity. The effect of the 
suprachiasmatic nucleus is largely mediated by 
noradrenaline, an adrenergic neurotransmit- 
ter that is secreted by the sympathetic nervous 
system. Méndez-Ferrer and colleagues work" 
directly links circadian control of the sympa- 
thetic nervous system to HSC function. 

The stem-cell repertoire of adult tissues 
generally consists of a small number of self- 
replenishing cells that turn over very slowly 
— for primate HSCs, turnover occurs over 
months to years”. In culture, these cells are rela- 
tively unaffected by immune mediators such 
as inflammatory cytokines. But when in their 
niche (microenvironment) in the body, they 
respond to stressors that may be occurring 
at the organismal level, for example infection 
or cancer chemotherapy. How signals at the 
organismal level are integrated into activity in 
the stem-cell niche remains an underexplored 
area of research. The Frenette laboratory’ is a 
leader in this area, having been the first to show’ 
that, by means of their niche, HSCs respond to 
theultimate integrating system in the body, the 
nervoussystem, or, specifically, to the adrener- 
gic signals originating from it. 

The authors now show that, during a day, 
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Figure 1| Pacemaker activity and cooperativity 
between bone and bone-marrow cells. Circadian 
activity is regulated bya central neural pacemaker, 
the suprachiasmatic nucleus, which activates 
distant sites by stimulating the secretion of 
adrenergic hormones by the sympathetic nervous 
system. These hormones are known to bind to 
Br-adrenergic receptors on osteoblasts, activating 
a signalling cascade that alters cell proliferation 
(not shown) and ends in bone remodelling. 
Méndez-Ferrer et al.' find that adrenergic 
hormones also activate f, receptors on the surface 
of bone-marrow stromal cells. This results in 

the degradation of the Sp! transcription factor 
and decreased levels of the anchoring protein 
CXCL12. The result is that haematopoietic stem 
cells (HSCs) are free toleave the bone marrow 
and transiently enter the bloodstream. The 
movement of HSCs into and out of non-osteoblast 
stromal niches is probably synchronized with 
circadian growth and remodelling of their ‘home 
—osteoblast-generated bones. 


CXCL12 levels in the bone marrow oscillate 
with periods oflight and dark in counterpoint 
tothe concentration of HSCs inthe blood; dur- 
ing times when it is light — the rest period for 
mice — HSC levels are about 2.5-fold higher 
than those during times of darkness, and this is 
mirrored in the opposite direction for CXCL12 
levels in the bone marrow. These cycling events 
do not seem to be mediated by the clock genes 
within either HSCs or the bone-marrow stro- 
mal support cells; rather, the authors find that 
oscillations in both circulating HSClevels and 
CXCL12 expression are regulated by adrener- 
gic stimulation. 

The function of adrenergic signals from the 
suprachiasmatic nucleus varies depending on 
the receptor subtype to which they bind on 
their target cells, Méndez-Ferrer etal, find that, 
in the bone marrow, noradrenaline activates 
B,-adrenergic receptors. As bone-formingcells 
called osteoblasts have B,, but not f,, receptors, 
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this suggests that a different CKCL12-produc- 
ing cell regulates the mobilization of HSCs. It 
hasbeen shown’ that HSCs in the bone mar- 
roware affected bya type of CXCL12-produc- 
ing reticular cell (a cell that contributes to the 
stroma), although the specific nature of these 
cells is unclear. 

The authors find that, downstream of the 
B, receptor, the stability of the gene transcription 
factor Sp-1 is reduced by the removal ofa phos- 
phate group. Such dephosphorylation might 
contribute to the decreased expression of the 
Cxd12 gene. With reduced CXCL12 to anchor 
HSCs to the bone marrow, these cells would be 
able to transiently enter the circulation. 

The taskahead isto discern the physiological 
significance of the cyclic changes in stem-cell 
circulation. On noting circadian variation ina 
stem-cell circulation, the authors ofa previous 
study* proposed that it could be used to har- 
vest stem cells for transplantation. This clinical 
application would certainly be good. But from 
an evolutionary perspective, the advantage for 
the organism of circadian variation in the cir- 
culating levels of HSCs, or indeed HSC circula- 
tion at all, is unclear. 

A clue to why HSC circulation is advanta- 
geous might lie in its circadian nature. Per- 
haps bone and bone marrow function as an 
integrated system. Bone formation occurs in 
a diurnal manner in rodents, with the great- 
est remodelling occurring during periods 
of light®. Many hormones affecting skeletal 
mass, including parathyroid hormone and 
leptin, undergo circadian cycling’. Also, clock 
genes, such as Per 1, Per2 and Cry, in osteoblasts 
inhibit bone formation and, in their absence, 
leptin-driven adrenergic stimulation has a 
proliferative effect on osteoblasts®. Circadian 
bone-modifying events might occur in syn- 
chrony with adrenergic stimulation of the f, 
receptors on stromal cells, causing Sp! deg- 
radation, decreased CXCL12 production and 
increased HSCs in the blood (Fig. 1). 


Because modifications to bone would also be 
expected to modify both bone marrow and the 
niches it provides for blood-cell production, it 
could be that it isthe remodelling of their home 
that sends HSC residents packing. Ifremodel- 
ling or making new bone createsbone-marrow 
niches, filling them with stem cells rather than 
with foreign’ cell types such as more mature 
or even mutant cells may be advantageous. In 
invertebrate animal models, foreign cells occu- 
pying niches can undergo dedifferentiation 
and other eventsinducing cell division”. This 
might be problematic considering the risk of 
malignancy in longer-lived organisms. 

During embryonic development, blood- 
cell production in the bone marrow requires 
circulating HSCs to migrate to and engraft 
in the niche". Perhaps the same is true for the 
constantly remodelling adult bone and bone- 
marrow niches, in that they require a circulat- 
ing cell to undergo migration and engraftment 
asa selection process for the fittest stem cells. 
Circadian oscillations in stem-cell location 
might contribute to synchronized generation 
of niches and their rapid occupancy by the best- 
suited stem cells. Perhaps a good breakup can 
ultimately ensure domestic tranquillity. = 
David T. Scadden is at the Center for 
Regenerative Medicine, Massachusetts General 
Hospital, Harvard Stem Cell Institute, Boston, 
Massachusetts 02114, USA. 
e-mait dscadden@mgh.harvard.edu 
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ASTRONOMY 


Starbursts near and far 


Yu Gao 


Observations of intensely bright star-forming galaxies both close by andin 
the far Universe seem to emphasize their similarities. But look a little closer, 


and telling differences emerge. 


Ina recent issue of the Astrophysical Journal, 
two papers’ present the latest measurements 
of ‘starburst’ galaxies — galaxies whose 
extreme brightness is thought to indicate short, 
intense bursts of star formation. This latest 
work is a fine example of the instruments and 
methods that are providing ever deeper insight 
into these spectacular objects, But equally, it 
exposes gaps in our knowledge that cannot be 


filled by using current instrumentation, and 
that must wait for the next generation of more 
powerful telescopes. 

The first of the papers, by Mangum et ai.', 
provides perhaps the most accurate measure- 
ments so far of the density of star-forming 
molecular gas in nearby starburst galaxies. 
The authors used the National Radio Astron- 
omy Observatory's 100-metre-aperture Green 
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50 YEARS AGO. 
Handbuch der Physik. 
Herausgegeben von S. Fltigge. 
Band 14:Kdiltephysik I. Band 15: 
Kéltephysik I. — To find, inan 
encyclopaedia of physics running 
tofifty volumes, that two should 
be devoted specifically to low- 
temperature physics raises the 
question whether nowadays it 
isa sufficiently distinct branch 
tojustify separate treatment 
Indeed, so much labour has 
gone into these exhaustive 
compilations of facts that it may 
‘seem ungrateful to complain 
that thetotal effectis one of 
deplorable dullness. Yet there 

is indeed onlyone article, that 
byJ. Bardeenon the theory of 
superconductivity, which can 
besaid to be exciting; andthis 
is distinguished from the rest 
chiefly because the authoris not 
content to act as animpassive 
recorder of what is known, but 
is eagerto explore those regions 
where the meaning of the 
observations is obscure, 

From Nature 29 March 1958. 


100 YEARS AGO 
Aninteresting lecture was 

given by Sir William Preece 
atthe Institution of Electrical 
Engineers on March 12 on his 
recent visit toAmerica, and 

the various improvements in 
constructional andengineering 
works since his previous visits 
were dealt with. The sky-scraper 
buildings appeartoafforda 
considerable day load, in that 
they employ numerous lifts 
which are constantly in use... On 
the telephone question, America 
seems to have gone ahead of 
uson this side. In most of the 
hotels telephones are installed in 
every bedroom, so that business, 
may be transacted with any 

part of the country. This applies 
also to the restaurants, where 
telephones may be plugged 
onto your table if desired. The 
Telephone Tariff question has 
also been thoroughly considered 
in America, and the message 
rate has beenadopted in 
preference tothe simple annual 
rental. 

From Nature 26 March 1908. 
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Figure1| Buriedindust. These two images of the spectacular merger of the nearby Antennae 

galaxies — on the left from NASA’ Spitzer Space Telescope, on the right from the Hubble Space 
‘Telescope — show the train wreck of two gas-rich spirals, The proximity of the galaxies allows detailed 
imaging of newborn star clusters and the infrared hotspots that mark starburst sites. The dusty regions 
between the two galaxies, heavily obscured in the Hubble optical image, are in fact the dominant sites 
of active star formation as traced by the Spitzer Infrared Array Camera at an infrared wavelength of 

& micrometre emission (red). Indeed, the brightest infrared hotspot (centre left of the Spitzer image) 

is almost entirely unseen, Extreme starbursts near and far are more than several tens of times brighter 
than the Antennae galaxies, and the most intense examples are usually hidden in dust, making 
comparisons between observations at different redshifts particularly tricky. 


Bank Telescope in West Virginia to investigate 
19 close galaxies that emit strongly in the 
infrared. They surveyed radio waves emitted 
by the galaxies at centimetre wavelengths cor- 
responding to two ‘K-doublet’ transitions of 
the organic molecule formaldehyde (H,CO) 
—a reliable density and temperature probe 
in the star-forming molecular clouds in our 
own Galaxy. 

The weakness of these transitions, coupled 
with the presence of intermingling emission 
and absorption features in the spectrum, makes 
such measurements complicated, even for 
nearby galaxies. The authors could detect one 
transition from most of the galaxies, but both 
transitions (allowing precise measurement of 
spatial densities) from only five. The findings 
confirm what had been observed with other 
dense-gas tracers such as hydrogen cyanide 
(HCN)*: that galaxies with higher star-forma- 
tion rates tend to have higher gas density. This 
correlation supports the idea that vigorous 
starbursts are driven by the amount of dense 
molecular gas available to form stars‘. 

In the second paper, Hathi et al? extend 
observations of starburst intensities to much 
more distant galaxies, at redshifts of up to 6. 
Redshift describes the fact that the Universe is 
expanding, and that light froma distant cos- 
mic source will therefore be stretched to longer 
(redder) wavelengths as it travels towards us, 
Redshift is thus a measure both of ‘lookback 
time’ — light with a redshift of 6, for example, 
is light emitted when the Universe was about 
atenth of its current age — and also, because 
light travels at a finite speed through the cos- 
mos, of a source's distance from us. Accord- 
ingly, Mangum and colleagues’ sample of 
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nearby galaxies has a redshift of almost zero. 

Newborn stars emit light mostly at ultra- 
violet wavelengths. This light heats the sur- 
rounding interstellar dust, which then radiates 
atinfrared wavelengths. Because of the redshift 
effect, Hathi et al.* used two cameras aboard 
the Hubble Space Telescope that were sensi- 
tive at optical and near-infrared wavelengths, 
respectively, to observe the original ultraviolet 
light from two galaxy samples lying at redshifts 
of 3-4 and 5-6. The authors deduce a constant 
maximum star-formation intensity for both 
samples, one that is broadly in agreement 
with earlier observations of starbursts at lower 
redshifts. 

Before we hasten to draw physical conclu- 
sions from these similarities, we must bear in 
mind that we might not be comparing like with 
like. The most powerfullocal starbursts, ultra- 
luminous infrared galaxies or ULIRGs, typi- 
cally have extreme starburst regions smaller 
than 1,000 light years across, The mass of gas 
in those regions is the equivalent of billion 
solar masses, and their luminosity can be 
greater than that of a couple of hundred bil- 
lion Suns*— several times more than is emitted 
by an entire typical spiral galaxy such as our 
Milky Way. 

But ultraviolet imaging of the central regions 
of nearby ULIRGs indicates that ultraviolet 
emissions make up at most only around 7% 
of total emissions‘, and that a thousand light 
years or more separate peaks of ultraviolet 
and infrared emission. The implication is 
that Hathi and colleagues’ intensity measure- 
ments represent just residual light leaking from 
stars in dust-enshrouded star-forming regions, 
and miss the dominant infrared radiation 


re-radiated by the dust. That supposition is sup- 
ported by recent surveys of the deep Universe, 
such as COSMOS’, GOODS* and SWIRE’, 
which are finding more and more high-redshift 
dust-obscured galaxies with large infrared-to- 
ultraviolet luminosity ratios that had been 
missed in traditional optical surveys. 

That would seem to lead to one of two 
conclusions. First, that Hathi and colleagues’ 
high-redshift galaxies are powered by even 
brighter extreme starbursts, largely hidden in 
dust, than those found in the local Universe 
— with concomitantly much higher densi- 
ties of molecular gas than could possibly be 
extrapolated from Mangum and colleagues’ 
H,CO results. Recent efforts to detect HCN at 
high redshifts have offered some evidence for 
a higher ratio of star-formation rate to dense 
gas at early cosmic times”. An alternative 
explanation for the anomaly is that the earlier 
starbursts might simply be very much larger in 
extent, with intensities comparable to those of 
the nearby starburst galaxies. 

Ifthe earlier starbursts are indeed in general 
much more intense, we might suppose thatthey 
have a different physical origin. The extreme 
starburst activity of nearby ULIRGs is thought 
to have been triggered by the strong interaction 
or merger of gas-rich spiral galaxies (Fig. 1). 
A possibility for the high-redshift starbursts 
is that a fraction of the luminosity is caused 
by atleast one dust-obscured ‘active galactic 
nucleus (AGN) —a black holeat the centre of 
the merging galaxies, Ifthat is so, are there any 
evolutionary connections between extreme 
starbursts, the build-up of massive AGNs, 
and how galaxies assemble? A link between 
the mass of the black hole at the centre 
and the mass of the central bulge of the host 
galaxy certainly exists*"*. Extreme starbursts 
close to the galaxy centre might well help to 
speed up the assembly of mass around the bulge 
through rapid, runaway star formation, which 
in turn would feed the growth of the central 
blackhole, causing stronger AGN activity. 

Combining optical and infrared observa- 
tions is one way to improve our estimation of 
the all-important star-formation rate in star- 
burst galaxies"*. But ultimately, observations 
of distant starbursts at longer far-infrared and 
submillimetre wavelengths will be the key to 
better quantifying their true star-formation 
rate and intensity. We might not know the full 
answer until the resolving power and sensi- 
tivity of next-generation facilities such as the 
international Atacama Large Millimeter/sub- 
millimeter Array (ALMA)"* and NASA‘ James 
Webb Space Telescope (JWST)” cometo frui- 
tion in the next few years. ALMA will be able 
to reveal the obscured starburst intensity maps, 
as well as the distribution of dense molecular 
gas and its kinematics, at high redshifts. The 
capability of the JWST in the mid-infrared 
will directly expose hidden starbursts buried 
in their surrounding dust, 

‘We will have to wait a little longer before 
we have the means to apply Mangum and 


NATURE|Vol 452|27 March 2008, 


colleagues’ finely tuned H,CO densitometer" 
to Hathi and colleagues’ high-redshift gal- 
axy sample’. But even that capability might 
come with the Square Kilometre Array", an 
international radio telescope currently at the 
planning stage. ' 
Yu Gao isat Purple Mountain Observatory, 
Chinese Academy of Sciences, Nanjing, 

Jiangsu 210008, China. 
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NANOELECTRONICS 


Spin surprise in carbon 


Arne Brataas 


Spintronics is an emerging branch of electronics that exploits electrons’ 
spin, rather than charge. In carbon nanotubes, the coupling of this spin with 
electron motion could offer a desirable way to control quantum information. 


Electrons have an electrical charge anda spin 
— an intrinsic angular momentum as if the 
electron were spinning around its own axis. 
The spin adopts one of two states, the manipu- 
lation and detection of which forms the basis of 
abranch of electronics known as spintronics. [f 
the spin interacts with electron motion, it can 
cause the spin to change state, leading to loss of 
information ina spintronics device. In carbon, 
these spin-orbit interactions were thought to 
be weak, making the material ideal for send- 
ing spin information over long distances. In 
this issue, McEuen and colleagues' (page 448) 
show that in carbon nanotubes, spin and orbital 
motion are more strongly coupled than previ- 
ously thought. Far from being a bad thing, this 
opens up new possibilities for manipulating 
electron spin. 

‘The spin state of electrons can be used as 
a binary variable in much the same way that 
oppositely charged particles (electrons and 
positively charged ‘holes) are used in semicon- 
ductor devices. This has opened up new fields 
of science and technology and has already led 
to commercial devices, such as read heads for 
computer hard disks. These devices rely ona 
spin-dependent principle known as giant mag- 
netoresistance, the discovery of which won the 
2007 Nobel Prize in Physics for Albert Fert and 
Peter Grinberg’, 

Carbon nanotubes have great appeal as 
possible components of spintronics devices. 
These carbon structures consist of sheets of 
carbon atoms rolled up into a cylinder, and 
this topology separates electron movement 
into two orbitals of equal energy: one that 
circles the tube in a clockwise direction, and 


one that circles anticlockwise. This simple 
orbital arrangement could make it easier to 
manipulate electrons and offers another binary 
variable that might be useful for carrying infor- 
mation. Furthermore, spintronic signals in 
carbon are expected to be stable because the 
small size of the nucleus reduces electronic 
spin-orbit interactions, and because carbon 
nuclei have no nuclear spin to cause the signal 
to decay. 

McEuen and colleagues’ now demon- 
strate that in carbon nanotubes the interac- 
tion between an electronis spin and its orbital 
motion is strong. This is no mean feat, because 
the effects of the spin-orbit interaction first 
have to be isolated from those of other interac- 
tions. In particular, electron-electron interac- 
tions in carbon nanotubes have a marked effect 
on electron properties, The authors addressed 
this problem by constructing a nanotube quan- 
tum dot —a nanotube that contains just one, or 
a few, charge carriers (electrons or holes) 
constrained in all three spatial dimensions. 

The authors used a method known as a 
Coulomb blockade to confine the charge car- 
riers. This involves applying a ‘gate’ voltage 
part of the way along the nanotube, induc- 
ing a background potential that dictates the 
number of electrons or holes in the dot. They 
also applied a ‘source-drain' voltage across con- 
tacts placed at either end of the nanotube. By 
measuring the current through the nanotube, 
the authors were able to determine a quantity 
known as differential conductance (a measure 
of therate of change of current as a function of 
the source-drain voltage). When they plotted 
the differential conductance against the gate 
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Figure 1| Spin-orbit coupling of electrons 

in carbon nanotubes. Electrons in carbon 
nanotubes exist in quantized energy levels. 

a, The ground state was believed to consist of 
four states of equal energy, representing different 
combinations of orbital states (clockwise and 
anticlockwise motion, indicated by circular 
arrows) and spin states (spin up and spin down, 
indicated by straight arrows). When a magnetic 
field is applied parallel tothe nanotube, the 
energies of the four states can be differentiated. 
b, McEuen and colleagues’ show that, in the 
absence of a magnetic field, the four states do not 
have equal energies, but form two distinct pairs. 
This suggests that the spin and orbital movement 
of electrons in carbon nanotubes are strongly 
coupled. This may provide a means of controlling 
spin in nanotubes electrically, which would be 
useful for nano-electronics applications. 


and source-drain voltage, they observed peaks 
that correspond to the energy required to add 
or subtract a confined electron (or hole). This 
allowed them to calculate the corresponding 
energy levels for these charge carriers. 

In theabsence of spin-orbit interactions, the 
electronic ground states of carbon nanotubes 
were thoughtto be four-fold degenerate— that 
is, at each energy level there are four states 
(Fig. 1). Two of these arespin states (spin up and 
spin down) and two are orbital states (clockwise 
and anticlockwise). The existence ofthese states 
can be revealed by applying a magnetic field 
parallel to the tube’s axis. The magnetic field 
couples independently to the spin and orbital 
moments, changing the energies of the states so 
that they are no longer equivalent. 

McEuen and colleagues’ results’ shatter the 
dogma of the degeneracy of carbon nanotubes. 
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When they applied a magnetic field to their 
nanotube quantum dot, they observed the 
four expected states. But, surprisingly, inthe 
absence ofa magnetic field, the four stateshad 
different energies. This is most probably the 
result of strong spin-orbit interactions, con- 
founding the notion that such interactions are 
weak in carbon. Previous studies had missed 
this effect, possibly because the nanotubes used 
in those experiments had defects that confused 
the data. 

This study’ is the first experimental proof of 
spin-orbit coupling in carbon nanotubes. But 
recent theoretical studies** had predicted such 
interactions in curved carbon structures (such 
as nanotubes). These theories also suggested 
that spin-orbit interactions in nanotubes cause 
electrons and holes to behave differently in 
their ground states. For electrons, the magnetic 
moment associated with spin was expected 
to align in the same direction as that associ- 
ated with orbital movement, but for holes the 
moments were expected to align in opposite 
directions. McEuen and colleagues’ confirmed 
this to be the case by studying the changes in 
energy of the ground states of electrons and 
holes in a magnetic field; their observations 
matched the theoretical predictions. 

The authors results raise many interesting 
questions. For example, the sign and size of 
the observed spin-orbit interactions broadly 
agree with theoretical calculations, but the 
size of the interaction is different for electrons 
and holes; current theories can't explain this. 


The observation of spin-orbit interactions in 
carbon nanotubes could also help to explain 
spin behaviour in another form of carbon 
— single sheets of graphite (known as graph- 
ene). In graphene, electron spin states can be 
retained for a longtime, yet spin-polarized elec- 
trons don't move much further than they do in 
conventional metals’. This could be because of 
enhanced spin-orbit coupling resulting from 
corrugation in the graphite sheet. 

If spin-orbit interactions lead to the decay 
ofspin signals, you might expect McEuen and 
colleagues’ results’ to rule out carbon nano- 
tubes asa medium for spintronics devices. But 
the interaction isn't strong enough to cause 
insurmountable problems. In fact, this effect 
could be exploited to allow electron spin to be 
manipulated by electrical means alone, a long- 
sought capability that would open the door to 
many more spintronics applications. : 
Arne Brataas is inthe Department of Physics, 
Norwegian University of Science and Technology, 
NO-7491 Trondheim, Norway. 
e-mail: arne.brataas@ntnu.no 
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Strength in numbers 


Nelson Spruston 


To store information, the brain modulates synapses, which mediate 
communication between neurons. A closer look hints that subcellular 
changes in response to groups of synapses facilitate this process. 


Ever since the Spanish neuroscientist Ramén 
y Cajal put forward his ‘neuron theory”, syn- 
apses have been the focus of research aiming to 
explain learning in terms of brain plasticity, or 
the functional reorganization of neural path- 
‘ways in response to new experiences. But syn- 
apses, which mostly spread out along highly 
branched neuronal processes called dendrites, 
are relatively tiny and have been difficult to 
stimulate with any precision. Using a sophisti- 
cated new method that allows precise stimula- 
tion of activity patterns generated at specific 
locations in a single neuron, Losonczy andcol- 
leagues” (page 436 of this issue) show that when 
clusters of synapses on a dendritic branch are 
stimulated simultaneously, under conditions 
thought to mirror brain states during learning, 
repeated activation leads to gradual changes in 
the response of the branch, 
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The technique used involves releasing caged 
molecules of the neurotransmitter glutamate 
at precise locations along a dendritic branch 
by photo-activation with a long-wavelength, 
pulsed laser, thus mimicking the precisely pat- 
terned input that the dendrite would naturally 
receive from its presynaptic partners. The free 
glutamate molecules can locally activate a small 
spot on the neuron — in this case, a dendritic 
spine, which is a specialized structure bearing 
a single excitatory synapse — with high spa- 
tial and temporal precision (of the order of 
1 micrometre and 1 millisecond)’ (Fig, 1). By 
rapidly scanning the laser from one spot to the 
next, adjacent spines can beactivated almost 
synchronously. 

Ina previous study’, the same team showed 
that, when stimulating several spines almost 
simultaneously, the responses add together 
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Figure 1| A closer lookat plasticity. To 
investigate the neural basis of plasticity ata 
fine scale, Losonczy et al.? activated individual 
dendritic branches. a, A typical pyramidal 
neuron consists of a large cell body and many 
dendritic branches receiving thousands of 
excitatory synapses, most of which are on 
dendritic spines. b, Losonczy ef al. mimicked 
precisely patterned synaptic activation using 
laser stimulation of dendritic spines. Caged 
glutamate (G) is released from the cage by the 
laser, allowing glutamate to act locally on the 
dendritic spine. The laser is moved rapidly 
from one spine to the next to precisely mimic 
patterned synaptic activation. The authors found 
that activation of multiple spines led toa spike 
in the dendritic branch, and spread of the spike 
to the cell body could be enhanced by repeated 
activation under appropriate conditions. 


until a threshold is reached. Beyond this 
threshold, activation of additional spines 
results in a proportionally much larger 
response, believed to be due to the genera- 
tion of an action potential — or spike — in the 
dendrite. A spike consists of a fast component, 
mediated by voltage-gated sodium channels, 
anda slower component mediated by voltage- 
gated calcium channels and by receptors that 
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Do-it-yourself microfluidics 


Derek Bruzewicz and his colleagues 
have found anew application for 
the desktop plotter. They have used 
it to create animpressively simple 
Microfluidics device that can be 
produced without acleanroom or 
photolithographic equipment. 
According to Bruzewicz and 
colleagues, second-handdesktop 
plotterscan be hadforaslittle as, 
$50. Other simple components 
oftheir device are paper and the 
commonly used organic polymer 
poly(dimethylsiloxane), or PDMS, 
which is cheap, canbe diluted 
inhexane solvent andis flexible 
when cured, The team’s study is 
described in Analytical Chemistry 


(DLA. Bruzewicz etal. Anal. Chern. 
101021/ac702605a; 2008). 

The system works like this. By 
replica moulding, the pens of the 
plotter are replaced with PDMS 
versions that can deliver various 
types of ink’. The purpose of the ink, 
when cured, is to create channels 
ina filter-paper substrate, and after 
experimenting withthe possibilities 
Bruzewicz et al. found that a syrupy 
mixture of 3:1 PDMS:hexane did just 
fine. Having chosen the appropriate 
paper, the trick then is to use the 
plotter to draw channel shapes, with 
the PDMS syrup penetrating the full 
depth of the paper to create water- 
tight chambers in various patterns, 


One form the device takesis what 
the authors call a “dip star’. Filter 
paper ispattemed witheight PDMS 
channels radiating out from the centre; 
inprinciple, each ofthese channels can 
beloaded witha different chemical 
indicator. The flexibility of the channels 
means that the paper canbe folded, 
with thecentre becomingone corner 
that canbe dipped into the fluidto be 
assayed, The channels are at least 
‘I millimetre wide. Inkeeping with the 
guiding principle of the system, the 
readout equipments similarly widely 
available: the human eye. 

The authorshave tested different 
types ofthe device with well-tried 
colorimetric assays for identifying 
excess protein and glucose in 
urine, and found they performed 
well, with no cross-contamination 
between channels. 
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Another pattern, shown here, is a 
variant on thedip star. It shows that 
channels can be printed over alarge 
area of paper, and can be designed 
for loading by multipipette rather 
than dipping. 

TimLincoln 


are activated by glutamate and are named after 
their chemical agonist NMDA. These findings 
are consistent with the emerging concept that 
voltage-gated ion channels, as well as valtage- 
sensitive NMDA receptors, are crucial to the 
integrative function of dendrites”. In addition, 
they suggest that each dendritic branch could 
generate a unitary (all-or-none) outputin the 
form ofa localized dendritic spike; this conclu- 
sion has fuelled emerging theories that treat 
dendritic branches as the functional units of 
neurons”. 

In their latest work’, Losonczy etal. ask how 
dendritic spikes could be shaped by experience, 
inthe form ofrepeated stimulation under con- 
ditions that are known to facilitate functional 
plasticity. They studied pyramidal neurons, 
which are the principal type of neuron in the 
brain's cortex, the region that contributes to 
higher cognitive functions. 

They find that, when groups of spines are 
repeatedly activated so that they produce spike 
inadendritic branch, an increasein the size of the 
spike (from about 1 millivolt before to roughly 
5 millivolts after repeated stimulation) is 
observed at the cell body. They call this change 
in response ‘branch-spike plasticity. Further- 
more, they find that, even before repeated acti- 
vation, some branches show a weak response 
and others a stronger one; this observation is 
consistent with the view that such branch-spike 
plasticity occurs spontaneously in vivo, and may 
therefore genuinely reflect a natural process, not 
justan experimental phenomenon. 

Because of the structural properties of 
branching dendrites, and the types of ion 
channel in their membranes, spikes do not 
propagate well in dendrites*. The amplitude 
of the spike reaching the cell body depends 
on thesesame factors. But Losonczy and col- 
leagues find that branch-spike plasticity results 
in aseveral-fold increase in voltage at the cell 


body, compared with the voltage normally pro- 
duced by a single branch. This increase, which 
results from enhanced propagation of the spike 
along the dendritic branch, seems to be due to 
a downregulation of the Kv4.2 voltage-gated 
potassium channels, which otherwise limit the 
excitability of the branch. 

Are these observations surprising? Although 
the synapse has been consideredto be the main 
functional unit of plasticity in neurons mediat- 
ing learning, forms of plasticity involving volt- 
age-gated ion channels have been described 
before, and it has been suggested that different 
types of plasticity cooperate to form the set of 
neuronal changes that collectively underlie 
learning’, But the argument against plasticity 
of voltage-gated ion channels as a mechanism 
for learning is that it is less specific than syn- 
aptic plasticity, and thus could potentially 
shift the minimal unit of plasticity from the 
synapse to the whole neuron. This problem is 
mitigated by the finding” that these channels 
could mediate plasticity in restricted portions 
of thedendritic tree, 

Losonczy and colleagues’ finding” — that 
such localized plasticity might even be restricted 
toindividual dendritic branches — supports the 
notion that regulation of voltage-gated chan- 
nels can cause changes that are specific to small 
groups of synapses rather than to the whole 
neuron or large parts of it. Together with the 
recently described spread of communicative sig- 
nals amongadjacent spines ona singledendritic 
branch", the emphasis seems to be shifting from 
individual spines to groups of spines and den- 
dritic branches as the functional units of plastic- 
ity underlying information storage andmemory 
formation. By restricting changes toa limited 
number of spatially localized and temporally 
coactivated synapses, experience may be able 
to ‘tune’ neuronsto respond to several different 
spatio-temporal patterns of synaptic input. 


As is always the case, several questions 
remain. First, Kv4.2 potassium channels are 
probably not the only player in this story. The 
authors observe considerable variability in the 
size of dendritic spikes, as measured in the cell 
body, even in animals lacking Kv4.2, which 
indicates that other channels also regulate 
the excitability of dendritic branches. Second, 
for practical reasons, the authors restricted 
their study to dendritic branches quite close 
to the cell body. Does branch-spike plasticity 
also occur in more distant branches? Does the 
influence ofa branch on the cell body depend 
onthe distance between them? 

‘The broader functional relevance of branch- 
spike plasticity must also be explored. Does 
branch-spike plasticity occur in other types of 
neuron’ Is it something that happens in intact 
animals, and, if so, is it required for learning? 
Answering these questions will be challenging, 
but will be essential for a better understanding 
of the neural basis of learning andmemory. & 
Nelson Spruston is in the Department of 
Neurobiology and Physiology, Northwestern 
University, 2205 Tech Drive, Evanston, 

Illinois 60208, USA. 
e-mail: spruston@northwestern.edu 


1. Ramény Cajal, Neuron Theory or Reticular Theory? 
(Consejo Superior de Investigaciones Cientificas, Madrid, 
1954), 

2. Losoncay, A, Makara J. K. Magee, J.C. Nature 452, 
436-441 (2008), 

3, Matsuzaki, M.etal. Nature Neurosci 4,1086-1092 (2000, 

4, Losoncey, A.& Mages, J.C. Neuron50, 291-307 (2006). 

5. Hausser, M, Saruston, N. & Stuart, G. J Seiance 290, 
739-744 (2000). 

6. Poirazi,P, Brannon, T.& Mel B. W. Neuron37, 989-999 
(2003) 

7. Poirazi,P. & Mel, B. W. Neuron 29,779-796 (200). 

8. Spruston, N, Nature Rev. Neurosci, 9,206-221 (2008), 

9, Zhang, W. &Linden, D.J, Nature Rev. Neurosci. 4, 885-900 
(2003) 

10. Frick, A, Magee, J, & Johnston, D, Nature Neurosci. 7, 
126-135 (2004. 

Tl. Harvey, C. D. & Svoboda, K, Nature 450, 1195-200 (2007), 


42 


NEWS & VIEWS 


OBITUARY 


Joshua Lederberg (1925-2008) 


Decisive discoveries in bacterial genetics. 


Tthink it was 1941 when I first met Josh 
Lederberg. The location was the American 
Institute Science Laboratory in New York 
city, in the shadow of the Empire State 
Building. These labs were established to 
enable high-school students to conduct after- 
school research, and were an inspiring place 
for the science nerds of the time. Lederberg 
and Thad much in common. We were born 
in the same year, spent much of our youthful 
spare time in branches of the New York 
Public Library, and were prompted to enter 
medical research by reading Paul de Kruif’s 
Microbe Hunters. 

Even then, his talent and energy marked 
him out. Lederberg, who died on 2 February 
2008, became a brilliant biologist and an 
exceptional leader whose influence extended 
to space scienceand computing. 

He was educated at Stuyvesant High 
School, an élite institution that produced 
four Nobel laureates in science, and then 
Columbia University. But before completing 
his medical education at Columbia he 
migrated to Yale University to do research. 
Inspired by Oswald Avery's discovery that 
DNA, not protein, is the genetic material in 
Pneumococcus, he embarked on testing the 
widely held hypothesis that bacteria simply 
divide into two offspring from a single 
genome. Lederberg, however, showed that 
sexual reproduction occurs in Escherichia 
coli, so revealing both an unexpected feature 
of microbial reproduction and providing 
an essential tool for genetic research and 
biotechnology. 

More was to come following the award of 
his PhD in 1947 anda move in that same year 
to the University of Wisconsin, Madison. 
‘Together with colleagues, including Esther 
Zimmer (to whom he was then married) 
and Norton Zinder, he discovered that 
viruses that infect bacteria can transfer 
genetic information between their hosts. 
This mechanism — transduction — was 
an unexpected way of altering the host's 
genetic make-up, and later assumed special 
significance with the recognition that viral 
sequences can be inserted in the human 
genome and can presumably be inherited. 
The discovery of transduction opened a 
vast area for research on the role of viruses 
in evolution and disease, and — even more 
intriguing — into the non-pathological 
characteristics of microorganisms. 

Another surprise was the finding that 
small, ring-shaped pieces of DNA, termed 
plasmids, residein microbial cells and are 
distinct from chromosomal DNA, being 
capable of autonomous replication. Plasmids 
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can be introduced into othercells to produce 
vast amounts of useful proteins such as 
human insulin and the hepatitis B virus 
vaccine. Lederberg’s work was seminal in 
initiating a new approach to biology based 
onthe genome and its interactions with the 
environment. This was recognized by the 
award of the Nobel prize in 1958, at theage of 
33, which he shared with George Beadle and 
Edward Tatum. 

By then he was already widening his 
horizons, stimulated in particularby the 
launch of Sputnik on 4 October 1957. 

He was excited by the prospect of space 
exploration, but was also concerned about 
possible biological cross-contamination 
between Earth and other planetary bodies. In 
December 1957 he wrote to the US National 
Academy of Sciences (NAS) to warn of this 
danger. The eventual consequence was that 
objects and crews returning from Moon 
missions were subject to decontamination 
and quarantine, 

Lederberg was appointed as a 
founder member of the NAS Space Science 
Board in 1958, and continued to stimulate 
both professional and public interest in 
biological space research (particularly 
in his “Science and Man” columns in 
The Washington Post). He coined the word 
‘exobiology, which signalledthe arrival of 
the discipline dedicated to the search for 
extraterrestrial life. This term was criticized 
as inappropriate, because there was no life 
known beyond Earth, and as designating a 
discipline without a subject. Its descendant 
discipline is ‘astrobiology; a term often 
used interchangeably with exobiology. 
Astrobiology involves study of the origins of 
lifeon Earth, and testing the hypothesis that 
life exists elsewhere, maintaining Lederberg’s 
vision of biology as an essential component of 
space research. 

His connection with space science became 
especially close when he was involved in 
planning, along with colleagues, experiments 
to be carried by the Viking landers to seek 
evidence of microbial life on Mars. The 
experiments consisted of the collection 
and spectrometricanalysis of soil samples, 
and the landers commenced operations in 
1976. The results were inconclusive, but 
they marked the beginning ofa search that 
continues in the astrobiology programmes 
in the United States and elsewhere. 

Stimulated by his space research, 
Lederberg became a pioneer in the use 
of computers for biology and medical 
science. The DENDRAL program aided 
the determination of chemical structures 
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from the spectrometric data collected 
onthe Viking mission. Later, it was 
used to characterize structures of other 
compounds and was eventually applied to the 
organization and analysis of large biomedical 
data sets. This in turn led to medical ‘expert 
systems, including INTERNIST, an expert 
system for clinical diagnosis and treatment. 
Asifall of this were notenough, Lederberg 
took on senior management responsibilities 
at Stanford University, to which he moved 
in 1959, and other institutions, culminating 
in hisappointment in 1978 as president of 
the Rockefeller University in New York. He 
served on various prominent committees 
and agencies, and was an adviser to many 
US presidential administrations. He was 
concerned about the hazards of biological 
warfare and was consultant to the US 
Arms Control and Disarmament Agency, 
and served on the Defense Science Board, 
which advises the Department of Defense. 
He was also a member of the science advisory 
board of the NASA Astrobiology Institute, an 
intellectual offspring of his early interests in 
space biology. In 2006 he was awarded the 
US Presidential Medal of Freedom. 
Asa researcher, Lederberg emphasized 
the importance of honesty andclarity in 
reporting scientific results. He recognized 
that science is a powerful problem-solving 
tool but that it has its limitations for 
individuals and society. His father was a rabbi 
and may have wanted his son to follow in his 
footsteps, which perhaps prompted Josh's 
awareness that acquiring knowledge is a 
blessing, yet comes laden with obligations. 
Scientists are not usually thought of as 
heroes. I write as an old friend and colleague, 
but to my mind Joshua Lederberg was just 
such aman. Through his far-ranging interests 
and achievements, often accomplished 
against entrenched opinions, he hasleft an 
enduring imprint on science. 
Baruch S. Blumberg 
Baruch S. Blumberg is at the Fox Chase 
Cancer Center, Philadelphia, 
Pennsylvania 19111-2497, USA. 
e-mail; baruch.blumberg@fccc.edu 
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Genetics of gene expression and its effect 
on disease 


Valur Emilsson’”, Gudmar Thorleifsson’, Bin Zhang’, Amy S. Leonardson’, Florian Zink’, Jun Zhu’, Sonia Carlson’, 
Agnar Helgason’, G. Bragi Walters’, Steinunn Gunnarsdottir', Magali Mouy', Valgerdur Steinthorsdottir’, 
Gudrun H. Eiriksdottir!, Gyda Bjornsdottir!, Inga Reynisdottir', Daniel Gudbjartsson!, Anna Helgadottir’, 

Aslaug Jonasdottir!, Adalbjorg Jonasdottir'!, Unnur Styrkarsdottir!, Solveig Gretarsdottir', Kristinn P. Magnusson’, 
Hreinn Stefansson', Ragnheidur Fossdal', Kristleifur Kristjansson’, Hjortur G. Gislason’, Tryggvi Stefansson’, 
Bjorn G. Leifsson®, Unnur Thorsteinsdottir’, John R. Lamb”, Jeffrey R. Gulcher’, Marc L. Reitman‘, Augustine Kong’, 
Eric E. Schadt* & Kari Stefansson'* 


Common human diseases result from the interplay of many genes and environmental factors. Therefore, a more integrative 
biology approach is needed to unravel the complexity and causes of such diseases. To elucidate the complexity of common 
human diseases such as obesity, we have analysed the expression of 23,720 trans ‘s in large population-based blood and 
adipose tissue cohorts comprehensively assessed for various phenotypes, including traits related to clinical obesity. In 
contrast to the blood expression profiles, we observed a marked correlation between gene expression in adipose tissue and 
obesity-related traits. Genome-wide linkage and association mapping revealed a highly significant genetic component to 
gene expression traits, including a strong genetic effect of proximal (cis) signals, with 50% of the cis signals overlapping 
between the two tissues profiled. Here we demonstrate an extensive transcriptional network constructed from the human 
adipose data that exhibits signi int overlap with similar network modules constructed from mouse adipose data. A core 
network module in humans and mice was identified that is enriched for genes involved in the inflammatory and immune 


response and has been found to be causally associated to obesity-related traits. 


The comprehensive assessment of molecular quantities in biological 
samples using high-throughput technologies has already led to the 
identification of disease subtypes", novel genes and gene struc- 
tures“, and biomarkers for disease*, as well as the elucidation of 
transcriptional networks associated with disease traits**. The ana- 
lysis of genotypes and gene expression data in animal models and 
human cell lines has proven useful for identifying genetic determi- 
nants of expression traits® and for mapping genes in regions 
linked to complex traits“, In general, such studies provide the 
means to examine the overall genetic complexity of gene expression 
traits, including a characterization of the relative effect of cis versus 
trans control" 


Associating patterns of gene expression with DNA and complex 
trait variation is necessarily limited to those changes that are reflected 
in the transcriptional network, Although a number of studies have 
highlighted the importance of post-transcriptional alterations in 
gene activity that induce changes in biological processes”, variation 
in protein structure and state may be reflected in the transcriptional 
network because such variation often induces a change in transcript 
stability, rates of transcription, transport of RNA from the nucleus, 
alternative splicing events, and other processes that affect expression 
levels'. Importantly, given the context specificity of many critical 
biological processes'® and the fact that most common diseases are 
thought to be the outcome of a complex interaction between many 
genetic loci and the environment, it follows that there are obvious 
advantages to studying the genetics of gene expression in cells that 
represent the in vivo state. 


Towards this end, we collected blood and subcutaneous adipose 
tissues in a population-based sampling of hundreds of Icelandic sub- 
jects ranging in age from 18to 85 years old. These cohorts are referred 
to as the Icelandic Family Blood (IFB) cohort (N= 1,002) and the 
Icelandic Family Adipose (IEA) cohort (N = 673) (see Supplemen- 
tary Table 1 for cohort description). A number of clinical traits 
including differential blood cell count as well as biometric traits such 
as body mass index (BMI), percentage body fat (PBF, measured by 
bioimpedance) and waist-to-hip ratio (WHR) were collected for all 
subjects of the IFB and the IFA cohorts (Supplementary Table 1). The 
relatively large sample size used in this study design provided the 
means to assess the relationship between sequence variants and gene 
expression with more statistical power than previous studies'*!*'*, 


Gene-clinical trait correlations 
Expression profiles produced for this study contained measurements 
of relative abundances of 23,720 transcripts, representing 84% of 
the 24,060 protein-coding genes annotated in the Ensembl database 
(v.33). Given that probes overlapping single nucleotide poly- 
morphisms (SNPs) may give rise to artificial signals, we sequenced 
a number of probes implicated as strong expression quantitative trait 
loci (eQTL) in 470 subjects from the IEB (see Supplementary Results 
and Supplementary Table 2). In short, we found that probes over- 
lapping SNPs is not a concern in the present study. 

The distribution of biometric traits such as BMI in our cohorts is 
not unlike the distribution that one would encounter in the general 
Western population, with BMI ranging from 16 to 70and a median of 


‘ideCODE genetics, 101 Reykjavik, Iceland, *Rosetta Inpharmatics, LLC, 401 Terry Ave N, Seattle, Washington 98109, USA. “Department of Surgery, National Uriversity Hospital, 101 


Reykiavik, Iceland, “Merck Research Laboratories, Rahway, New Jersey 07065, USA. 
“These authors contributed equally to this work, 
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28.8 (Supplementary Fig. 2a). Given the known associations of bio- 
metric traits with age and sex, and the fact that gene expression traits 
in blood have been found to be correlated with these covariates as 
well as with white blood cell counts”, we adjusted for these covariates 
using multiple linear regression (Methods) inall analyses of correla~ 
tion between gene expression and clinical traits, as well as in the 
analyses of the genetic component of gene expression (see below). 
In blood, fixing the false discovery rate (FDR)* at 5%, we found 
2,172 (9.2%) gene expression traits to be correlated with BMI, 
1,098 (4.6%) with PBE, and 711 (3.0%) with WHR in the IFB cohort 
(Supplementary Table 3). In adipose tissue, ata 5% EDR, the expres- 
sion levels of 17,080 (72.0%) genes were correlated with BMI, 16,977 
(71.6%) with PBF, and 14,901 (62.8%) with WHR (Supplementary 
Table 3). Thus, there is at least an order of magnitude more expres- 
sion traits that are significantly correlated with these biometric traits 
in adipose tissue than in blood. Furthermore, 2,784 of the gene 
expression traits in adipose tissue explained more than 10% of the 
BMI variation in the IFA (R°=0.1, P< 10~'*; see Supplementary 
Fig. 2b), whereas none of the expression traits in blood achieved this 
level of correlation. To ensure equivalentstatistical power for making 
these detections between the tissues, we compared these associations 
in the 553 subjects represented in both the IFB and IFA cohorts. 
Using these paired samples, we found an even more marked differ- 
ence between the two tissues (Supplementary Table 3), For example, 
there was a notable 34.6-fold enrichment of expression traits corre- 
lated with BMI in adipose tissue compared with blood using the 553 
subjects (FDR = 0.01), whereas this enrichment was 13.9-fold in the 
full data sets. 

Overall, our results suggest that 2 substantial fraction of the tran- 
scriptional network in adipose tissue, together with infiltrated 
macrophages" is associated with the obesity of subjects. There 
are several reasons why this strong relationship between gene 
expression levels in adipose tissue and obesity should not come as 
a surprise. First, obesity isa disorder of excessive body fat. Second, the 
physiology and morphology of the adipocyte is known to be drasti- 
cally altered in obese subjects", Third, the number of macrophages is 
markedly increased in the adipose tissue of obese subjects, and they 
have been shown to have an important role in obesity and related 
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metabolic disorders” * 


Heritability of gene expression traits 


The subjects in the IFB and IFA cohorts were clustered into multi- 
generational families (for details, see Methods). In the case of the IFB 
cohort, it was possible to cluster 938 out of the 1,002 subjects into 209 
families, whereas for the IFA cohort, 570 out of the 673 subjects 
clustered into 124 families. Using this family structure, we estimated 
the heritability of each of the 23,720 gene expression traits, both with 
and without adjusting for sex, age, cell count (IFB only) and BMI 
(IFA only). The number of traits with statistically significant herit- 
ability is summarized in Table 1. With no adjustment, the number of 
significantly heritable traits at a 5% FDR was 13,910 in IEB and 


Table 1| Heritability, cis eQTL and cis eSNP detection 
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16,825 in IFA, or 58.6% and 70.9% of all assessed transcripts, 
respectively. For those significantly heritable expression traits in 
the IFA and IFB cohorts, the genetic variance component on average 
explained nearly 30% of the variation observed (Supplementary 
Fig. 2c). After adjustment, the number of heritable traits fell by as 
much as 26% (Table 1). When combined with the high heritability 
estimated for the expression traits, these results indicate that a 
significant proportion of the heritability mediated by BMI or differ- 
ential cell count is also reflected bya large number of gene expression 
traits. The heritability values (percentage) of all expression traits for 
the different types of adjustments and in both cohorts are listed in 
Supplementary Tables 4 and 5. 


Detection of cis and trans eQTL 

All subjects in the two tissue cohorts were genotyped using a frame- 
work set of 1,732 microsatellites and were used for genome-wide 
linkage analysis, Because one of the main aims of this analysis was 
to detect eQTL signals that are proximal to the physical locations of 
genes corresponding to the expression traits (referred to here as cis- 
acting eQTL signals), this analysis was restricted to the 20,877 
expression traits that had well-defined map positions (NCBI Build 
34), For comparison, the eQTL analysis was performed both with and 
without adjusting the trait values for sex, age, differential cell-count 
(IEB only) and BMI (IFA only). 

We defined a cis-acting eQTL signal for a given expression trait as 
the logarithm of the odds (eLOD) score at the nearest microsatellite 
to the location of the corresponding probe, The number of traits with 
significant cis eQTL is summarized in Table 1. For instance, at a 5% 
FDR and without any adjustment, we observed significant cis QTL 
for 1,970 (9.4%) traits in blood and 1,215 (5.8%) traits in the adipose 
tissues. After adjusting for sex, age and blood cell counts in IFB, the 
number of ciseQTL signals increased to 2,529. In adipose tissue, this 
number was 1,307 after adjusting for age and sex and was 1,489 after 
also adjusting for BMI (Table 1). Out of the 1,489 significant cis- 
acting eQTL in adipose tissue, 762 (51.2%) were also observed in 
blood. Furthermore, expression traits with high heritability in both 
blood and adipose tissue showed greater reproducibility between the 
tissues (Fig. 1a). Here, 70% of all expression traits within the upper 
25th percentile for heritability in blood that had a significant cis- 
acting eQTL in adipose tissue, also had a significant ciseQTL in blood 
(Fig. 1a). In fact, the proportion of significant cis eQTL signals in 
both tissues was notably higher for traits with greater levels of differ- 
ential expression or heritability (Fig. 1b). ‘The cis-acting QTL LOD 
scores for each of the expression traits in the different cohorts are 
listed in Supplementary Tables 4 and 5. 

Our finding of a strong genetic effect associated with cis signals in 
these tissues is consistent with results from previous studies"''"*. The 
results on the detection of eQTL signals that were distal to the phy- 
sical locations of the genes corresponding to the expression traits 
(referred to here as trans-acting linkage signals) are shown in the 
Supplementary Results and in Supplementary Table 6. We note that 


FB IFAY 
Variable FDRornt No adjustment ‘Age, sexand cel-count adjusted No adjustment ‘Age and sex adjusted Age, sex and BMI adjusted 
Heritability 0.05 13,910 10,364 16,825 16,714 15,727 

0.01 10,829 8,047 12309 12392 11,251, 

” 068 055 0.78 0.77 075 
cis QTL 0.08 1970 2,529 1,215 1307 1,489 

0.01 1,256 1,567 737 TRB 820 

1 0.40 0.44 0.33 032 037 
cis eSNPs 0.05 2,417 2,714 3,048 3,149 3364 

0.01. 1,827 2,026 2,271 2,323 2506 

1 0.33 0.32 0.37 0.35 036 


‘The number of cis @QTL and cis eSNPs were as determined for a unique set of gene expression traits, for example the single most significant cis eSNP for any given trat. 
* Multiple regression analysis in blood, adjusting for sex and age as (age X sex) or for age, sex and differential cell-count as (age + neutrophil + monocyte + lymphocyte) x sex. 
‘{ Multiple regression analysis in adipose, adjusting for sex and age as (age x sex) or for age, sex and BMI as (age + log(BMI) x sex 


The proportion of significant tests, n, was estimated as = 1 ~ mo (see Methods for details. 
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the number oftraits with significant trans eQTL in blood and adipose 
tissue are 50 times fewer than the number of expression traits with 
significant cis eQTL, consistent with what has been found in other 
studies Finally, although others have reported hotspots of 
localized linkage activity in a number of species'#°-!™""4, we failed 
to detect such activity beyond what was expected by chance (Supple- 
mentary Results). 


Identification of cis and trans eSNPs 


For the identification of sequence variants that have cis and trans 
regulatory effects on expression traits, we selected a subset of 150 
unrelated (excluding all first-degree relatives) subjects who donated 
both blood and adiposetissue, and performed a whole-genome geno- 
typing of these samples employing 317,503 SNPs using the Illumina 
platform’. The strongest cis effect for a given expression trait was 
then mapped by testing all SNPs located within a 2 megabase (Mb) 
window centred at the location of the probe corresponding to the 
expression trait, again restricting the analysis to the 20,877 genes with 
well defined positions in the genome. For each expression trait, 
because multiple correlated SNPs were tested for cis association, 
simulation was used to adjust the P value of the most significant 
expression (e)SNPs (see Methods). The effect of testing multiple 
expression traits was, as before, taken into account by means of the 
FDR approach”. The number of significant cis-acting eSNPs is sum- 
marized in Table 1. Assuming an FDR of 5%, we detected cis SNPs 
for 2,417 (11.5%) expression traits in blood and 3,048 (14.6%) traits 
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Figure 1|eQTL mapping in human blood and adipose tissue. Individuals 
from large multi-generational families were genotyped for 1,732 
microsatellites, and linkage analysis was performed on 20,877 standardized 
gene expression traits (see Methods for detail), Expression traits, ranked 
according to their differential expression or heritability strength, were 
binned into quartiles (Q1 — Q4), each comprised of 5,939 genes. a, Shown is 
the fraction of traits that have varying levels of differential expression and 
heritability with significant cis-acting eQTL in adipose that reproduced in 
blood at 1% FDR. b, Shown is the number of significant cis eQTL in both 
tissues, as a function of differential expression and heritability at 1% FDR. 
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in adipose without any adjustment (Table 1). After adjusting for sex, 
age and cell count in blood, the number of cis eSNPs increased to 
2,714 (Table 1). After adjusting for sex, age and BMI in the adipose 
tissue, the number of cis eSNPs increased to 3,364 (Table 1). Thus, we 
detected 650 more gene expression traits with significant cis eSNPs in 
the adipose tissue than in blood. This difference may reflect a more 
homogenous cell population in adipose tissue compared to blood, 
granting greater power to detect the cis effect in adipose, Further- 
more, the number of significant cis eSNPs observed in both blood 
and adipose tissue increased as the heritability increased (Fig. 2a). 
For example, at an FDR of 1%, at least 50% of all SNPs that were cis- 
acting in blood and within the upper 25th percentile for heritability or 
differential expression were also cis-acting in adipose tissue (Fig, 2a). 

Figure 2b summarizes the number of significant cis associations 
plotted as a function of heritability and differential expression. As 
observed in our analysis of cis-acting eQTL signals, the number of 
significant cis eSNPs increases with greater heritability scores or 
greater differential expression (Fig. 2b). A direct comparison of the 
results obtained from the genome-wide linkage and association ana- 
lyses of cis-acting signals revealed a marked agreement between these 
two approaches (Supplementary Results and Supplementary Fig. 3). 
The significance of the trans association effect was assessed using 
the FDR approach”’, and the number of significant trans eSNPs 
summarized in Supplementary Table 6, again showing significantly 
fewer effects in trans than in cis, as described and discussed in 
Supplementary Results. 
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Figure 2 | Genome-wide association screens for eSNPs. A subset of 150 
unrelated subjects who donated both blood and adipose tissue were 
genotyped at 317,503 tag SNPs (ILMN). The cis eSNP effects were assessed 
using linear regression on 20,877 standardized gene expression traits (see 
Methods for details). As described in Fig. 1, all traits were binned into 
quartiles at varying strengths of differential expression or heritability. 

a, Shown is the fraction of traits at varying degrees of differential expression 
orheritability with significant cis SNPs in adipose tissue that reproduced in 
blood at 1% FDR. b, Shown is the number of significant cis associations in 
both tissues plotted as a function of heritability and differential expression, 
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Characterizing the transcriptional network 


The analysis of gene expression traits in a large sample of individuals 
allows for a direct and unbiased assessment of the connectivity struc- 
ture of transcriptional networks”, This further provides a basis for 
the identification of key functional modules within such networks 
that contribute to disease risk’*. We have previously described the 
characterization of transcriptional networks based on brain, adipose 
and liver tissues in a cross between two inbred strains of mice 
(referred to here as the B X H cross)”*~", Building on this approach, 
we constructed extensive, sex-specific, gene co-expression networks 
based on the human adipose tissue data to identify modules strongly 
associated with obesity and, more generally, comparing the structure 
of this human network to that constructed in the mouse B X H cross 
using similar tissues, The adipose co-expression network was con- 
structed by considering all pair-wise correlations among the most 
differentially expressed genes detected in this tissue (Methods). The 
resulting gene-gene correlation matrix was then transformed into an 
adjacency matrix in which the connectivity of a given gene was 
defined as the sum of its connection strengths with all other genes 
in thenetwork”. The gene-gene interconnectivity represented in this 
matrix (referred to here as the connectivity map) was then character- 
ized using a topological overlap measure**. The identification of 
functional modules of highly co-regulated genes in the resulting 
network was carried out using a dynamic programming procedure 
to search the network for sets of maximally interconnected genes”. 
Figure 3a depicts the connectivity map for the male human adipose 
tissueas a heat map of the topological overlap matrix. In this type of 
map, the rows and the columns represent genes in a symmetric fash- 
ion, and the colour intensity represents the interaction strength 
between genes. This connectivity map highlights that genes in the 
adipose transcriptional network fall into distinct network modules, 
where genes within a given module are more highly interconnected 
with each other (blocks along the diagonal of the matrix) than with 
genesin other modules, ashas been described previously for mice’. A 
comparison of the connectivity structure between the male and 
female human adipose networks reveals a number of network 
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Enriched GO biologial categories: 
* Inflammatory response (P< 10% 
Immune cell activation (P < 1027) 
Cell activation (P< 10%) 
Macrophage-mediated immunity (P < 104) 
a Macrophage activation (P< 10°) 


Figure 3 | The human and mouse gene transcriptional networks. 

a, Clustering of the connectivity matrix for the top 25% most differentially 
expressed genes in the male human adipose data. In the heat map, rows and 
columns represent genes in a symmetric fashion. The colour intensity 
signifies the connection strength between two genes, with red colour 
representing the strongest connection and white representing no 
connection. The colour bars along the x- and y-axes delineate the highly 
interconnected gene modules. b, Same as a, but for the male mouse B XH 
adipose data. ¢, The turquoise module in the male human network (a) is 
significantly overlapping the male mouse brown module (b), as well as the 
turquoise module in human females. The GO list in ¢ shows the enrichment 
of inflammatory pathways in the conserved module. 
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modules that are well conserved between gender, both in terms of 
gene identities and the connectivity strength (hub status or centrality; 
see Supplementary Figs 6 and 7). However, there are also network 
modules that are strictly gender specific (Supplementary Fig. 6). 

‘An explicit comparison of the human and mouse adipose gene co- 
expression networks revealed a single core module in humans that 
was highly conserved in mice (Fig, 3ac). The mouse module corres- 
ponding to this human module (Fig. 3b) is very significantly enriched 
for genes with eQTL that co-localize with obesity-associated-trait 
QTLs as well as for genes shown to be in a causal relationship with 
obesity-associated traits". This mouse module significantly over- 
lapped the human network module (Fig. 3a), with 196 out of the 
673 (~29%) genes in the mouse module overlapping the set of 886 
genes in the corresponding human module (only 8 were expected to 
overlap by chance; Fisher’s Exact Test, P=8.4 x 107''8), In addi- 
tion, the Gene Ontology (GO) Biological Process categories that were 
enriched in this conserved network module were virtually identical in 
mouse and human (Supplementary Table 7). This conserved module 
was also strongly indicative of macrophage function for a number of 
reasons. First, GO Biological Process categories enriched in this 
module relate to inflammatory response and macrophage activation 
pathways. Second, well known macrophage-specific cdl-surface 
markers such as EMRI and CD68 are represented in the mouse and 
human modules. Third, using a recently constructed mouse body 
gene expression atlas comprised of more than 60 tissues and cell 
lines", this conserved module had an over-representation of genes 
enriched for expression in bone-marrow-derived macrophages 
(Fisher’s Exact Test, P<1 X 1077"), spleen, thymus and lymphoid 
tissue (Fisher's Exact Test, P< 1X 10 7°). These findings are con- 
sistent with results from recent studies showing that the adipose 
tissue secretes factors that regulate a wide variety of physiological 
states, including energy homeostasis and the immune response”®. 
Given all of these significant enrichments and the association of this 
module to macrophage function and metabolic traits, we refer to it as 
the macrophage-enriched metabolic network (MEMN). 

Because the mouse MEMN described above had previously been 
shown to be significantly enriched for genes associated with obesity”, 
we investigated whether a similar association to obesity could be 
detected for the corresponding human module. Our results show 
that the expression of 868 (or 98%) of the 886 genes in the human 
MEMN module were significantly correlated with BMI in adipose 
tissue at an FDR of 1%, indicating that the human MEMN module 
may have a key role in obesity. Although the connection between 
inflammation and metabolic disorders such as obesity and diabetes 
has been reported previously”, these data suggest that there may 
be many immune pathways or entire networks functioning in the 
adipose tissue, In fact, a number of genes previously identified and 
validated as being in a causal relationship with obesity-associated 
phenotypes are represented in this module, and perturbing many 
of these genes perturbs the entire module (see Supplementary 
Results for additional information). 

If the MEMN module has a role in human obesity, then variations 
in DNA that result in expression changes in genes in the MEMN 
module should, in the obese, be enriched for variations that are 
associated with obesity. Therefore, we combined genotype and gene 
expression data to identify the SNP in the vicinity of each gene in the 
human MEMN module (Fig, 3a) that was most strongly associated 
with the corresponding gene expression trait. We then tested these 
variants jointly for association to BMI and PBF—the biometric traits 
most widely used to assess human obesity. Of the 886 expression 
traits represented in this module, 785 had a well defined genomic 
position and were used in this analysis. A selection of 768 cis eSNPs 
for the blood and adipose tissue data were successfully genotyped ina 
cohort of 8,685 individuals measured for BMI and 1,939 for PBF 
(Table 2). We used multiple linear regression analysis to test the 
association of the sex- and age-adjusted trait values to genotype 
counts for all the cis eSNPs jointly (see Methods for details). 
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Table 2 | Association of eSNPs to obesity traits 
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Cohort Trait AllP (ND) AllP adjusted* — MaleP (N) Male Padjusted* Female P (N) Female P adjusted* 

Human MEMN, 

IFA BMI 3.8 x10°° (8,685) 0.0051 0.033 (3,606) 0.24 0.0022 (5,079) 0,049 
PBF 0.0011 (1,939) 0.047 0.20 (906) 0.47 0.12 (1,035) 027 

IFB BMI 5.3.x 1077 (8,685) 0.0022 0.00041 (3,606) 0.015 0.016 (5079) 0.16 
PBF 0.063 (1,939) 0.46 0.64 (906) 0.87 0.39 (1,035) 061 

Combined MEMN 

IFA BMI 0.14 (8,685) 041 0.22 (3,606) 0.39 0.27 (5,079) 0.47 
PBF 0.010 (1,939) 0.055 0.23 (904) 0.49 0.011 (1035) 0.021 

IFB BMI 0.0014 (8,685) 0.018 0,028 (3,606) 0.075 0,028 (5,079) 0.081 
PBF 0.23 (1,939) 051 0.46 (904) 073 0.45 (1,035) 056 


785 out of the 886 expression traits in the hurran turquoise module (see Fig. 3) mapped to a unique position and had a corresponding cis SNP; this corresponds to 768 unique cis eSNPs that were 
usedin the analysis. Missing genotypeswere substituted with the mean genotype frequency. 128 out of the 146 expression traits inthe combined human and mouse MEMN module had a uniquemap 
position and a cis eSNP; this corresponds to 123 unique cis eSNPs that were used in the analysis. 


* The adjusted P value was based on up to 20000 sets of simulated genotypes (see Methods). 


Furthermore, we constructed 20,000 sets of simulated genotypes for 
all the variants conditioned on the familial relatedness of the indivi- 
duals from the Icelandic genealogy database to compare the observed 
association with that expected to occur by chance, and used these to 
generate the adjusted P values represented in Table 2. In the larger 
data set with BMI measurements, we find that the cis SNPs selected 
for genes in the human MEMN module showed some evidence for 
association to BMI, with P-values of 3.8 X 1076 (adjusted P = 0.005) 
and 5.3 10°” (adjusted P= 0.002) for the cis eSNPs in adipose 
tissue and blood, respectively (see Table 2). Although these analyses 
were crude for individual cis eSNPs and the corresponding genes, 
these results suggest that the human MEMN module is enriched for 
sequence variants that confer risk of obesity in humans, and that 
genetic perturbations affecting gene expression traits may more 
generally perturb networks that in turn lead to increased susceptibi- 
lity to disease. These data combined offer a glimpse of the compli- 
cated network of interactions that could drive at least a portion of 
obesity in humans, and demonstrate that at least a part of obesity isa 
property of the macrophage gene network. 


Discussion 

Previous studies of the genetics of gene expression in humans have 
been restricted to lymphoblastoid cell lines with no clinical pheno- 
types!™!S, Before our study, the validation of this type of data in 
primary human tissues from subjects scored for clinical traits was 
lacking. Our analysis of genetic variation and gene expression in 
population-based sampling of blood and subcutaneous adipose tis- 
sue from a large number of extended families begins to fill this gap. 
We showed that more than 50% of all gene expression traits in adi- 
pose tissue are strongly correlated with clinical traits related to 
obesity, compared to less than 10% in blood. Furthermore, through 
segregation analysis and genome-wide linkage and association stud- 
ies, we demonstrated an extensive genetic component underlying 
gene expression traits in blood and adipose tissue. Thiswas evidenced 
by detection of heritability as a highly significant contributor to 
variation in gene expression and by the identification of a large 
number of significant linkage and association signals for the expres- 
sion traits in the two tissues, with approximately 50% overlap of 
genetic signals between the two tissues. Consistent with previous 
reports, the signals detected using both linkage and association ana- 
lysis was strongly biased towards cis- rather than trans-acting genetic 
signals. 

We also constructed an extensive co-expression network on the 
basis of the human adipose tissue data with the aim of identifying key 
functional modules within this network that associated with obesity. 
A core gene expression module, the MEMN module, was identified in 
humans that has significant overlap with a previously described 
mouse network module. The gene sets in the core human and mouse 
modules were highly enriched for genes involved in inflammatory 
response and macrophage activation pathways. Furthermore, the 
mouse MEMN module has previously been shown to be enriched 


for genes that contribute to the risk of obesity, diabetes and 
atherosclerosis-associated traits. By using the strongest cis-acting 
SNPs for each of the gene expression traits from the human 
MEMN module and testing them jointly as a group, we observed a 
significant enrichment of genetic associations to clinical traits related 
to human obesity in this module. The identification of SNPs that are 
associated with variation in gene expression provides a level of func- 
tional support for such SNPs that makes them ideal candidates to 
identify genetic determinants of complex traits including diseases 
and drug response. Clearly this approach warrants serious conside- 
ration given the potential to affect our understanding of human 
health. 


METHODS SUMMARY 


Subjects used in the present study were of Caucasian descent. They were 
recruited as dense three-generation pedigrees, and comprehensively scored for 
multiple phenotypes including biometric traits related to obesity. Peripheral 
blood (N = 1,002) and subcutaneous fat (N = 673) were collected, and DNA 
and RNA extracted, The RNA samples (a total of 1,765 samples), including 
reference pools, were hybridized to a single custom-made human array contain- 
ing 23,720 unique oligonucleotide probes. We estimated the differential expres- 
sion, heritability, cis and trans eQTL, and association signals for each gene 
expression trait in each tissue. For the genetics of gene expression analysis, all 
subjects in these cohorts were genotyped at 1,732 microsatellites. A subset of 150 
unrelated subjects, donating both blood and adipose tissue, was genotyped at 
317,000 SNPs, Multiple testing for significance was taken into account through 
the use ofan FDR procedure. The expression and clinical data were adjusted for 
standard covariates including age and sex for all analyses. The gene-gene co- 
expression network was constructed from the human adipose tissue expression 
data and compared to a similarly constructed adipose tissue network from an 
experimental mouse cross, Finally, expression variation markers (SNPs) map- 
ping to a corenetwork module identified in human adipose tissueand found to 
beconserved in mice and previously shown to be enriched for genes in a causal 
relationship with obesity were tested jointly for association to obesity-related 
traits in humans using multiple regression analysis, 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Variations in DNA elucidate molecular 
networks that cause disease 


Yangqing Chen’*, Jun Zhu'*, Pek Yee Lum’, Xia Yang’, Shirly Pinto”, Douglas J. MacNeil’, Chunsheng Zhang’, 
John Lamb', Stephen Edwards’, Solveig K. Sieberts', Amy Leonardson’, Lawrence W. Castellini>, Susanna Wang’, 
Marie-France Champy’, Bin Zhang', Valur Emilsson!, Sudheer Doss*, Anatole Ghazalpour’, Steve Horvath’, 
Thomas A. Drake’, Aldons J. Lusis*! & Eric E. Schadt! 


Identifying variations in DNA that increase susceptibility to disease is one of the primary aims of genetic studies using a 
forward genetics approach. However, identification of disease-susceptibility genes by means of such studies provides 
limited functional information on how genes lead to disease. In fact, in most cases there is an absence of functional 
information altogether, preventing a definitive identification of the susceptibility gene or genes. Here we develop an 
alternative to the classic forward genetics approach for dissecting complex disease traits where, instead of identifying 
susceptibility genes directly affected by variations in DNA, we identify gene networks that are perturbed by susceptibility 
loci and that in turn lead to disease. Application of this method to liver and adipose gene expression data generated froma 
segregating mouse population results in the identification of a macrophage-enriched network supported as having a causal 
relationship with disease traits associated with metabolic syndrome. Three genes in this network, lipoprotein lipase (Lp/), 
lactamase f (Lactb) and protein phosphatase 1-like (Ppm1l), are validated as previously unknown obesity genes, 
strengthening the association between this network and metabolic disease traits. Our analysis provides direct experimental 
support that complex traits such as obesity are emergent properties of molecular networks that are modulated by complex 


genetic loci and environmental factors. 


‘A challenge in the post-genome era is deciphering the biological 
function of individual genes and gene networks that drive disease. 
Given the availability of low-cost, high-throughput technologies for 
genotyping hundreds of thousands of DNA markers, successes are 
being realized in identifying associations between DNA variants and 
diseases such as age-related macular degeneration'™, diabetes* and 
obesity’. Although these and coming discoveries from a slew of 
genome-wide association studies currently under way provide a peek 
into pathways that underlie disease, they are usually devoid of con- 
text, so elucidating the functional role of such genes in disease can 
linger for years, as has been the case for ApoE, an Alzheimer’ s- 
susceptibility gene identified 15 years ago®. Even when an association 
to disease has been localized to a given region representing a single 
gene, in the absence of experimental support the gene cannot be 
definitively claimed to be the susceptibility gene. This problem is 
exacerbated in experimental crosses derived from inbred mouse 
strains, for which in addition to the problem of inferring the function 
of positionally cloned genes from the genetic data alone, the extent of 
linkage disequiliribum operating in such populations makes posi- 
tional cloning a difficult and time-consuming process. 

An alternative to the forward genetics approach is the construction 
of molecular networks that define the molecular states of a system 
that underlie disease, where such networks are constructed from 
molecular phenotype data scored in populations that manifest dis- 
ease. The information that defines how variations in DNA lead to 
variations in complex traits flows through molecular networks. 
Characterizing molecular networks that underlie complex traits such 


as disease can provide a more comprehensive view, which in turn can 
lead to the direct identification of genes underlying disease processes 
and the functional roles of these genes with respect to disease. Recent 
studies characterizing gene networks have demonstrated how genetic 
loci associated with expression traits can be combined with clinical 
data to infer causal associations between expression and disease 
traits”"*, By leveraging DNA variations as a systematic source of 
perturbations on molecular networks and clinical traits, biological 
processes can be studied at the systems level, in addition to studying 
gene function at the level of individual pathways’. 

Here we report the development of an approach to uncover the 
components of co-expression networks that respond to variations in 
DNA associated with obesity-, diabetes- and atherosclerosis-related 
traits. In contrast to a forward genetics approach, we leverage quanti- 
tative trait loci (QTL) associated with disease to identify components 
of the co-expression network that are perturbed by the QTL and that 
in turn cause variations in disease traits. After constructing co- 
expression networks from liver and adipose tissues collected froma 
segregating mouse population, we identify sub-networks that are 
significantly associated with a complex of linked genetic loci related 
to obesity-, diabetes- and atherosclerosis-associated traits. A macro- 
phage-enriched metabolic sub-network was found to be significantly 
enriched for expression traits supported as having a causal relation- 
ship with these metabolic traits. The connection to obesity and other 
metabolic syndrome traits is confirmed by validating three genes 
in this sub-network, Lpl, Lacth and Ppmll, as previously unknown 
obesity genes. 


"Rosetta Inpharmatics, LLC, Merck & Co., Inc,, 401 Terry Avenue North, Seattle, Washington 98109, USA. ‘Department of Metabolic Disorders, Merck & Co, Inc., 126 East Lincoln 
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Laboratory Medicine, UCLA, 650 Young Drive South, Los Angeles, California 90095, USA. “Institut de Genetique et de Biologie Moleculaire et Cellulaire, CNRS/INSERM/ULP, 67404 
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‘A complex linkage to metabolic traits 


A number of QTL mapping studies in experimental mouse cross 
populations have identified the distal half of chromosome 1 as a 
major contributor to metabolic traits such as weight, fat mass, and 
plasma glucose and cholesterol levels". Much effort has been 
expended to map the quantitative trait genes (QTGs) underlying this 
locus, and these efforts have met with some success. For example, 
apolipoprotein A-II (Apoa2) and tumour necrosis factor super- 
family, member 4 (‘Tnfsf4) have been mapped as QTGs for the cho- 
lesterol, fat mass, weight, insulin and atherosclerosis QTL mapped to 
the distal half of chromosome | (refs 19-23). However, it remains to 
be shown whether other genes in this chromosome | region contri- 
bute to these linkages beyond Apoa? and Tnfsf4. Furthermore, how 
the chromosome 1 QTL affect molecular networks in different tissues 
that in turn lead to pleiotropic effects on metabolic traits has not been 
characterized. An alternative to mapping QTGs for QTL is to incor- 
porate molecular network data into these analyses to identify those 
network components that are perturbed by the QTL and that in turn 
lead to variations in disease traits. After characterizing the complexity 
of the chromosome 1 genomic region associated with metabolic 
traits, we implement a procedure to identify components of mole- 
cular networks that respond to genetic perturbations and in turn 
induce changes in metabolic traits. This procedure includes recon- 
structing co-expression networks and identifying highly inter- 
connected functional sub-networks constituting these networks 
supported as having a causal relationship with disease traits. 
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Figure 1| The distal half of chromosome 1 strongly influences metabolic 
and geneexpression traits. a, Lod score curves for metabolic traits scored in 
the B X H cross demonstrate that they are all driven by one or more QTL on 
chromosome 1. b, Lod score curves for expression traits corresponding to 
genes mapped as QTGs for the metabolic traits in a (Apoa2 and Tnfs4) orto 
genes within ten-million base pairs of Apoa2 that give rise to strong, putative 
cis eQTL and that are significantly correlated with at least one of the 
metabolic traits depicted in a. 
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In a previously described cross between C57BL6/J (B6) and 
C3H/He} (C3H) on an Apoe™/~ background (referred to here as 
the B X H cross)!”, the importance of distal chromosome | as a key 
driver of metabolic traits became apparent because every metabolic 
trait scored in the B X H cross links to this region of the chromosome 
(Fig. 1a). Tnfif4 and Apoa2 are located within 10 megabases (Mb) of 
one another and are proximal to the peak log likelihood ratio (lod) 
score curves for the metabolic traits on chromosome 1. These two 
‘genes were positionally cloned from the B X H background and vali- 
dated using transgenic and knockout animals as having a causal 
relationship with plasma cholesterol and high-density lipoprotein 
(HDL) levels, fat mass, weight, insulin levels and atherosclerotic 
lesion size'*"*2, Apoa2 was specifically identified as having a muta- 
tion in C3H relative to B6 that affected Apoa? translational efficiency, 
leading to lower liver transcript and protein levels in C3H relative to 
B6 (refs 22 and 24). Liver gene expression traits scored in the BX H 
cross provide a unique opportunity to confirm Apoa2as a QTG and 
to assess its total contribution to the metabolic traits. Because the 
expression of Apoa2 and its association to the chromosome 1 linkage 
region and metabolic traits can be considered simultaneously on the 
mixed genetic background in which the disease trait QTL were ori- 
ginally mapped, the gene can be validated in the exact context in 
which it was identified. 

Apoa? liver gene expression in the B X H cross gave rise to a sig- 
nificant expression QTL (Fig. 2a) that was proximal to the Apoa2 
structural gene, confirming that Apoa2 expression is significantly 
perturbed between B6 and C3H mice as previously reported”. 
However, of the eight metabolic traits tested (Fig. 1a), Apoa2 liver 
expression levels were only modestly correlated with glucose levels 
(expected P value= 0.014), and not at all correlated with obesity 
traits (Supplementary Fig. la). Interestingly, Apoa2 gene expression 
was strongly supported as being independent of each of the metabolic 
traits with respect to the chromosome 1 locus (see Fig. 2a, b for 
weight). Results for Apoa2 liver protein expression in the B X H cross 
‘were consistent with these gene expression results (Supplementary 
Results). Although the lack of association between Apoa2 expression 
and the metabolic traits cannot exclude Apoa2 as at least one of many 
genes underlying the chromosome 1 metabolic trait QTL, it is con- 
sistent with genes other than Apoa2 having a more dominant role in 
this linkage region. Tnfif4 was similarly examined in the B X H cross 
but was not found to be associated with any of the metabolic traits 
linked to chromosome 1 in the B X H cross (Supplementary Results). 
However, because heart and aorta were demonstrated as the relevant 
tissues for Tnfsf4 activity associated with metabolic traits”, our 
failure to detect an association in this instance may be because we 
have not profiled the relevant tissue. 

Whereas the expression data in this specific B X H cross did not 
support Apoa2 and Tnfsf4 as having a causal relationship with the 
metabolic traits, we identified 112 liver expression traits correspond- 
ing to genes located in the chromosome 1 linkage region (from 90 Mb 
to the end of the chromosome) that gave rise to expression QTL 
(eQTL) in this region supporting the metabolic trait QTL (Supple- 
mentary Table 1). Although none of these genes completely explains 
the linkage of the clinical traits to chromosome 1, the expression 
levels of 54 of these genes are statistically supported as at least par- 
tially explaining variation in the metabolic traits in a causal way" 
(Supplementary Table 1), suggesting that there may be many genes 
in this region that support the metabolic trait QTL. Figure 1b high- 
lights strong liver cis QTL for 4 of these 54 genes that are physically 
located within 10 Mb of Apoa2 as well as the peak lod scores for each 
of the metabolic traits. Upstream transcription factor 1 (Usf1) was 
identified as a susceptibility gene for familial combined hyperlipide- 
mia (FCH)";F11 receptor (F1 Ir) is supported as being a susceptibi- 
lity gene for FCH and other inflammatory processes”; serum 
amyloid P component (Apes) is implicated in atherosclerotic lesion 
formation”; and regulator of G-protein signalling 5 (Rgs5), a gene 
involved in vessel development and physiology, can distinguish the 
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fibrous cap from other atherosclerotic plaque components” and has 
recently been associated with hypertension in humans”. Of these 
four expression traits, Rgs5 is the most strongly associated with the 
metabolic traits linked to the chromosome 1 genomic region (see 
Fig. 2 and Supplementary Fig. 1c for weight). Therefore, unlike 
Apoa2 and Tnfsf4, these expression traits are significantly correlated 
with the metabolic traits, are strongly linked to the chromosome 1 
locus, are physically located near the chromosome 1 linkage peaks, 
and are strongly supported as having a causal relationship with the 
metabolic traits. 

The extensive linkage disequilibrium operating in the B X H cross, 
the number of possible QTGs in this region, the small-to-modest 
effects of each QTG and potential interactions among the QTGs 
make dissecting the individual contributions of the QTGs in the 
chromosome | region nearly impossible from the cross data alone. 
However, using gene expression data scored in the B XH cross, 
expression traits that capture the multiple genetic perturbations in 
this region and that in turn lead to variations in the metabolic 
traits"*' can be more readily identified. Asan example, Fig, 2a high- 
lights transcript abundances for an uncharacterized gene (GenBank 
accession number, BB433460) that is positioned in an intron of 
intraflagellar transport 88 homologue (/f*88). ‘The liver expression 
of this gene is highly correlated with metabolic traits such as obesity 
(Supplementary Fig. 1d), is significantly linked across the entire 
distal half of chromosome 1 (lod score > 8 across most of the distal 
half of chromosome 1) and is supported as having a large contri- 
bution to the weight trait (Fig. 2a,b), Although BB433460 physically 
resides on chromosome 14, it captures more of the genetic variation 
driving the metabolic traits at the chromosome 1 locus than any of 
the genes physically located in this region, suggesting that networks 
of expression traits may be perturbed in trans by this complex of 
closely linked QTL and, as a result, lead to variation in the metabolic 
traits. 
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Network changes induce phenotypic change 

Liver and adipose co-expression networks were reconstructed from 
the B X H data to identify components of these networks that, like 
BB433460, mediate the transfer of information from QTL in the 
chromosome 1 region to the metabolic traits, Supplementary Fig. 
3a depicts the most highly connected expression traits in this network 
as an ordered connectivity matrix. The pattern of distinct clusters 
or sub-networks that emerge among the highly connected nodes in 
liver and adipose (Supplementary Fig. 3) are notable and support a 
hierarchical structure in these networks (Supplementary Fig, 4). The 
different sub-networks highlighted are seen to be enriched for a 
number of biological processes (Supplementary Table 2), including 
insulin signalling (sub-network 1), inflammation (sub-network 5), 
muscle-related processes (sub-network 7) and cell cyde (sub- 
network 9). These sub-networks represent key functional units that 
make up the co-expression network and that underlie processes 
specific to the different cell types that constitute each tissue. For 
example, in the female liver co-expression network, sub-network 5 
is enriched for genes involved in inflammatory processes, potentially 
reflecting activity in Kupffer cells. Sub-network 7 is enriched for 
muscle-related genes such as actin and myosin, potentially reflecting 
hepatic stellate cell activity, where these cells are known to control 
microvascular tone and, when activated, can turn into myofibro- 
blasts and express smooth muscle actin filaments and desmin. 

The sub-networks represent different sets of overlapping pathways 
and are readily seen to be enriched for genes that are perturbed by 
specific genetic loci. For example, 85% of the genes in liver sub- 
network 1 give rise to eQTL on chromosome 1 (Supplementary 
Fig. 5). To establish whether a given sub-network was supported as 
having a causal relationship with the metabolic traits linked to chro- 
mosome 1, we used a statistical procedure to test whether the gene 
expression traits in each sub-network supported a causal, reactive or 
independent relationship with each of the metabolic traits with 


g 
3 
3 
3 
3 


Lod scores for sol 
8 
x 


Disease 


Environment 


Figure 2 | Genetic loci perturb molecular phenotypes that in turn lead to 
variations in disease-associated traits. a, Lod score plots for weight (solid 
black line), Apoa2 liver expression (solid red), Res5 liver expression (solid 
blue) and BB433460 liver expression (solid green) traits in the B X H cross. 
The dashed curves represent the lod score curves for weight conditional on 
the Apoa? (dashed red), Rgs5 (dashed blue) and BB433460 (dashed green) 
liver gene expression traits. Conditioning on Apoa2 expression does not 
significantly reduce the weight lod score (independent relationship), 
whereas conditioning on Rgs5 or BB433460 does (causal relationship). 


b, Relationships supported between the expression and weight traits 
described in a: Apoa? (top), Rgs5 (middle) and BB433460 (bottom) are 
predicted to be related to weight in an independent (Apoa2) and causal (RgsS 
and BB433460) way. Percentages represent the number of times the model 
shown was inferred out of 1,000 random samples drawn from the B x H 
cross. ¢, Generalization of the relationship discovered between BB433460 
and weight, in which genetic loci (L;) and environment perturb molecular 
networks of genes (G;) that in turn leads to disease. 
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respect to the genetic loci driving metabolic traits scored in the B X H 
cross: abdominal fat mass, weight, plasma insulin levels, free fatty 
acids, total plasma cholesterol levels and aortic lesion sizes. We iden- 
tified a sub-network as having a causal relationship with a given 
metabolic trait if it was significantly enriched (P< 0.01) for expres- 
sion traits that have been supported as having a causal association 
with that trait. For liver, only five sub-networks were identified as 
being enriched for at least one of the metabolic traits (Supplementary 
Fig. 3c). Two of the sub-networks were weakly enriched for insulin, 
fat mass, weight or cholesterol candidate causal genes (sub-networks 
6 and 14), whereas sub-networks 2 and 9 were strongly enriched for 
only cholesterol and weight candidate causal genes, respectively. 
However, one of the sub-networks (sub-network 5) was very signifi- 
cantly enriched for expression traits supported as having a causal 
relationship with every metabolic trait tested, directly implicating 
this sub-network as a key mediator of the genetic loci driving 
variation in the metabolic traits scored in the BXH cross 
(Supplementary Fig, 3c), This sub-network was also the most highly 
conserved between the sexes and tissues in the B X H cross, In fact, 
90% of the genes in female liver sub-network 5 overlapped a corres- 
ponding male sub-network (P< 10 °° by the Fisher Exact Test), 
and 50% of these genes overlapped a corresponding adipose sub- 
network (P~6.47X10~'*” by the Fisher Exact Test). Further- 
more, the adipose sub-network corresponding to liver sub-network 
5 was the only adipose sub-network found to be significantly 
enriched for expression traits supported as having a causal relation- 
ship with all of the metabolic traits tested (Supplementary Fig. 34). 


A macrophage sub-network causes disease 

To explore the strong pleiotropic effects of sub-network 5 on the 
metabolic traits in the BX H cross, we formed a supermodule by 
combining this sub-network with the corresponding sub-network 
identified in the adipose co-expression network (Supplementary 
Table 3). Compared to the individual sub-networks, this 
supermodule systematically increased the fold-change enrichments 
and corresponding significance scores for expression traits supported 
as having a causal relationship with the metabolic traits (Table 1). In 
fact, the percentage of expression traits in this supermodule sup- 
ported as having a causal relationship with aortic lesions, weight or 
fat mass, plasma insulin or glucose levels, total cholesterol and HDL 
cholesterol were 75%, 50%, 45%, 50% and 479%, respectively (Sup- 
plementary Table 4). The probability that these overlaps occurred by 
chance are small. For example, the probability that 50% of the 762 
expression traits supported as having a causal relationship with 
obesity fall in this single supermodule (out of the 23,574 transcripts 
represented on the array) is 2.30 X 10° 7°". We also searched this 


Table 1| Gene sets significantly over-represented in the MEMN 
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supermodule comprised of 1,406 transcribed sequences against a 
body atlas of gene expression representing 60 distinct mouse tissues. 
For each tissue in the atlas, gene sets were formed on the basis of 
tissue-specific expression (Supplementary Methods) and these sets 
were intersected with the supermodule. Bone-marrow-derived 
macrophages and spleen were the two most enriched tissues 
(Table 1 and Supplementary Table 4), not liver and adipose as one 
might expect given the module origins. These enrichments, com- 
bined with the significant enrichment of genes in inflammatory 
pathways, suggest that this module reflects the significant macro- 
phage populations resident in liver and adipose tissues. This 
macrophage connection is further supported by a number of 
known macrophage markers represented in this supermodule, 
including Cdl4, Cd68 and Emr! (refs 32-34), Given the apparent 
macrophage-derived origins of this supermodule and its association 
with the metabolic traits in the B X H cross, we refer to it here as the 
macrophage-enriched metabolic network (MEMN) (Fig. 3a). 

The MEMN is comprised of a number of expression traits corres- 
ponding to genes that we recently identified and validated as having a 
causal relationship with obesity traits, including Zfp90 (ref. 11), 
Tefbr2 (ref. 11), C3arl (ref. 11) and AloxSap (arachidonate 5- 
lipoxygenase-activating protein)”. Because this network comprises 
a highly interconnected set of expression traits supported as 
having a causal relationship with the different metabolic traits, we 
hypothesized that perturbing single genes in the MEMN that had 
been previously validated as having a causal relationship with these 
traits would significantly perturb the entire MEMN. To test this, we 
constructed single gene perturbation signatures for two of the genes, 
Zp90 and Alox5, recently validated as having a causal relationship 
with obesity-associated traits''*". In addition, we constructed a single 
gene perturbation signature for Pparg, a gene that also resides in the 
MEMN and that has previously been validated as having a causal 
relationship with obesity and diabetes traits**. In all cases, the per- 
turbation signatures (Supplementary Table 4) were significantly 
enriched for expression traits in the MEMN (Table 1). For example, 
the Zfp90 transgenic signature comprised approximately 3,000 
expression traits; 468 of these overlapped the MEMN, whereas only 
179 would have been expected by chance—a greater than 2.5-fold 
enrichment (Fisher Exact P value =4.83 X 107°). Furthermore, 
genes validated as having a causal relationship with obesity were 
observed in these different perturbation signatures. For example, 
Pparg falls in the Zfp90 signature, whereas Tgfbr2 and C3ar] fall in 
the Pparg and Alox5 signatures, respectively. More generally, all sig- 
natures are enriched for expression traits supported as having a cau- 
sal relationship with the metabolic traits. Therefore, expression traits 
supported as having a causal relationship with the metabolic traits 


Gene set type Gene set description Genesetcount* Overlap (fold Enrichment nominal P value 
enrichment) (corrected P value)} 
GO biological process categories Immune response 1,503 246 (2.6) 4,26 x10~# (1.94 x 107) 
Defence response 1,565 251 (2.4) 197 x 107“ (8.98 x 10-79) 
Inflammatory response 584 110 (2.8) 466 X 107 (2.12 x 10°°) 
Tissue-specific expression Bone-marrow-derived macrophage specific expression 289 65 (3,3) 1.10 x 107" (1.04 x 107**) 
Spleen-specific expression 186 47 (3.8) 7.56 x 107 # (5.81 x 1074) 
Environmental perturbations Diet-induced obesity versus wild-type signature 1,108 415 (6.2) 5,17 x10°7 
Causal gene sets Genes supported as causal for atherosclerotic lesions 159 119 (12.4) 322x100 
Genes supported as causal for obesity traits 762 375 (8.2) 230 x 107%? 
Genes supported as causal for diabetes 589 272 (7.7) 476X107 "7° 
Genes supported as causal for total cholesterol levels 245 131 (8.9) 1.011077 
Genes supported as causal for HDL levels 7 36 (7.8) 7.98 x 10-7 
Single gene perturbation 2fp90 transgenic signature 3,006 488 (2.6) 483 x107™ 
experiments 5-LO knockout signature 5,264 605 (1.9) 595 x10-7 
Rosiglitazone signature 837 118 (2.3) 3.03 x10" 


‘The number of sequences in the MEMN used to compare to these gene sets is 1,406. 


+} The overlap count iscomputed by counting the number of genes in the intersection between the indicated gene set andthe MEMN. The foldenrichment iscomputed asthe observed overlap count 
divided by the expected overlap count, estimated by multiplying the MEMN transcript count (1,406) by the fraction ‘gene set count divided by total gene count (23574). 

Nominal P values represent the significance ofthe Fisher Exact Test statistic under the null hypothesis that the frequency of the indicated gene set is the same between a reference set ofall 
transcripts represented on the array and the set of genes comprising the MEMIN. The corrected P values represent the Bonferroni-corrected P values (nominal P value multiplied by the number of 


gene sets searched). 
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falling in the MEMN and moving this network when perturbed pro- 
vide direct support that the metabolic traits are an emergent property 
of this network, with hundreds of expression traits supported as 
having a causal relationship with the metabolic traits. 


Lp! and Lactb validated as obesity genes 

In the MEMN, there were 375 expression traits supported as having a 
causal relationship with the obesity traits linked to the chromosome 1 
locus. Although many of the genes corresponding to the expression 
traits in this network have been validated as having a causal relationship 
with metabolic traits (Pparg, Alox4, Tefbr2, C3arland Zfp90, to name 
just a few), many others have not. We used replication over multiple 
studies asa way to prioritize genes for validation. Genes supported in 
multiple independent experiments as having a causal relationship with 
disease are more likely to be truly causal. Therefore, we intersected the 
MEMN with a set of genes we previously predicted to have a causal 
relationship with obesity in a completely independent experiment! '. 
Three of the ten genes predicted inan independent F, intercross popu- 
lation" were represented in the MEMN: Zfp90, Lpland Lactb. Zfp90has 
already been validated as having a causal relationship with obesity, so 
we proceeded to validate the other two ‘replicated’ genes. 

Ipl has previously been supported as a susceptibility gene for 
atherosclerosis- and diabetes-associated traits*. However, an asso- 
ciation between Lpl and obesity has not been established. To our 
knowledge, Lactb has not ever been associated with any of the 
B X H metabolic traits. Given the prediction that Lpl and Lactb have 
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a causal relationship with obesity, we recorded weight, fat mass and 
lean mass for LpI*’~, Lacth transgenic mice and wild-type littermate 
controls every 2 weeks starting at 11 weeks of age using quantitative 
NMR. As predicted, the growth curves for the Lpl*’~ and Lactb 
transgenic animals were significantly different from those of controls 
(Fig. 3b, c), with the fat-mass-to-lean-mass (FMLM) ratio difference 
generally increasing over time. At the final quantitative NMR mea- 
surement, the FMLM ratios in the Lpl*/~ and Lactb transgenic mice 
were increased by 22% and 20%, respectively, over the wild-type 
controls (P= 1.09 X 1075 and P = 4.48 X 10°, respectively). 

Lplis the principal enzyme responsible for the hydrolysis of cir- 
culating triglycerides and is active in differentiated macrophages”, 
consistent with its presence in the MEMN. Although Lpl has not 
previously been functionally validated as a susceptibility gene for 
obesity, several studies have established an inverse relationship 
between Lpl activity and obesity-related traits, including a negative 
correlation observed between Lpl activity and percentage body fat in 
humans®. Lactb is a serine protease with high similarity to the bac- 
terial lactamase gene, but very little is known about its function in 
eukaryotes”, Lactamase metabolizes peptidoglycan in the bacterial 
cell wall but neither the substrate nor the function of Lactb in eukar- 
yotes is known"". Lactb has been detected in the mitochondria as part 
ofthe mitochondrial ribosomal complex". Interestingly, a strain of 
rat that exhibits late-onset obesity was found to contain a mutation in 
the $26 subunit of the mitochondrial ribosome, at least partially 
explaining the obesity phenotype". 


FMLM ratio 


Se a] Novel obesity/metabolic 
191 Lasts. Pomt!| trait genes in MEMN 
c d 
022 ” 
gent 
19: 
021, x increase 
, _ 
0.20- 
2 * 
g Cy} 
& = 54 e a 
= 0.19} & a, 
S 3 Pomt knockout | 
ira 304 # 
0.18 
25 F 
0.17- re a? 
20" wig 
0.16 x a 
1 2 38 4 6 6 7 2 4 6 8 10 12 14 


Time (2-week intervals) 


Figure 3 | Genes in the MEM network validated as having a causal 
relationship with obesity traits. a, The MEMN is enriched for genes 
supported as having a causal relationship with disease traits in the B XH 
cross (red nodes). The black nodes represent genes in the MEMN not 
supported as causal for disease traits in the B XH cross, b, FMLM ratio 
curves for Lpl knockout (n= 25) and wild-type control (n= 23) mice 
(P= 1.09X 107° that the difference at the last time point is significant). 


Time (weeks) 


¢, EMLM ratio curves for the Lactb transgenic (n = 36) and wild-type control 
(n= 27) mice (P= 4.48 X 10° that the difference at the last time point is 
significant). d, Weight curves for the Ppmit (n= 18) and wild-type 
control (1 =18) mice (P = 1.93 X 10” '' that the difference at the last time 
point is significant), Error bars in b-d represent *s.d. of the indicated 
measures based on replicates and signal-to-noise ratios derived from the 
model applied to the weight and fat mass differences. 
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Table 2 | Comparison of metabolic traits between Ppmll~/~ and PpmtI*/* mice 


Ppmil-/— Ppmil'/* 
Trait ‘Age of mice (weeks) Mean tralt value Samplesize Meantraitvalue Sample Size Percentagechange _ Difference P value* 
Weight (g) 21 49.69 7 41.65 18 193 193 x10- 
Total fat mass (g) 9 354 v 254 18 304 0.0037 
Total fat mass (g) 20 22.10 v7 15.06 18 467 0.00030 
Baseline glucose (mgml*) 21 155 v7 1.39 1s 1s Q,0075 
OGTT area under curve (male mice only) 21 186 8 279 9 -33 0.0069 
(min (mg ml~*)) 
OGTT insulin at 30 min (ug/l) 21 517 wv 2.44 18 1119 0017 
Free fatty acids (mequiv,!"*) 29 0.4116 lat 0.5457 17t 24.6 00050 
Non-invasive blood pressure (mm Hg) 25 90.13 v7 86.07 18 47 0.027 


* All Pvalues reported, except weight and OGTT AUC, represent the significance of the t statistic under the null hypothesis thet the difference in mean, sex-adjusted trait values between the Ppmil 
knockout and Ppmil wild-type groups is equal to 0. For OGTT AUG, this same null hypothesis was tested but for males only. See Supplementary Methods for calculation of the P value for weight. 


+ By the 29week time point, 3 male knockout mice and 1 male wild-type mouse had died 


Ppmi! has a causal relationship with metabolic syndrome 

Given the causal association between the MEMN and many meta- 
bolic traits, we rank-ordered genes on the basis of the number of 
metabolic traits for which they were supported having a causal rela- 
tionship with (Supplementary Table 5) as an altemative to replica- 
tion as a way to prioritize genes for validation. Four genes ranked at 
the top of the list: Fed6, Mmp27, BC032204 and Ppm Il. However, not 
only is PpmlIa classically ‘druggable’ gene, but a knockout mouse for 
this gene was available from Deltagen, so we selected this gene for 
validation. Ppmil is a newly discovered protein phosphatase, the 
function of which is not well characterized. 

Weight, fat mass, insulin and glucose levels, blood pressure and 
other biochemical measures in blood were recorded in PpmiI-‘~ and 
wild-type littermate controls. The growth curves for the knockout 
mice were significantly different from those of wild-type controls 
(Fig. 3d); at the final weight measurement, the knockout mice 
weighed 19.3% more than wild-type mice (Table 2). PpmII”~ mice 
also exhibited increased fat mass compared to wild-type controls, 
with an overall 46.7% increase in fat mass at 20 weeks of age 
(Table 2), At 21weeks of age, an oral glucose tolerance test 
(OGTT) was performed on all mice. Baseline plasma glucose levels 
were observed to be 11.5% higher in PpmI~/~ mice relative to wild- 
type mice, Male knockout mice demonstrated an improved glucose 
tolerance, with a 33.3% decrease in the area under the curve (AUC) 
relative to male wild-type mice (Table 2). In contrast, although glu- 
cose levels for females at the 60, 90 and 180 min time points were 
significantly increased (P value = 0.0077, 0.050 and 0.0043, respec 
tively), the difference in AUC was not statistically significant (P 
value = 0.11). At the 30-min OGTT time point, insulin levels in male 
and female PpmiI-’” mice were more than 100% increased com- 
pared to those of controls (Table 2). Blood was also collected in all 
mice at 29 weeks of age, and total cholesterol, triglycerides and free 
fatty acids were recorded. A significant decrease in free fatty acids was 
recorded in PpmiI-/~ mice relative to controls (Table 2), but no 
other major changes were observed for the other parameters (data 
not shown). Finally, given that the MEMN is supported as having a 
causal relationship with a number of traits associated with metabolic 
syndrome, and given the presence of genes such as ACE in this net- 
work, non-invasive blood pressure was monitored in all mice at 
25 weeks of age, Overall, the blood pressure in PpmiI~’~ mice was 
significantly increased compared to that of controls (Table 2). 


Discussion 

By integrating co-expression networks and genotypic data from an Fz 
intercross population, we identified a liver and adipose macrophage- 
enriched sub-network that was associated with disease traits com- 
prising the metabolic syndrome and enriched for expression traits 
supported as having a causal relationship with these traits. Unlike 
classic genetics approaches that aim to identify genes underlying 
genetic loci associated with disease, the approach developed here 
seeks to identify whole gene networks that respond in trans to genetic 
loci driving disease, and that in turn lead to variations in the disease 
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traits. Our results demonstrate that there may in fact be thousands of 
genes capable of increasing susceptibility to metabolic disease traits 
such as obesity, diabetes and atherosclerosis. Because the causal pre- 
dictions made in this study rely on conditional dependency argu- 
ments that are statistical in nature, experimental validation is critical. 
Towards that end, Lpl and Lactb were identified and validated in vivo 
as previously unknown obesity genes, whereas Ppm II was identified 
and validated as a gene capable of modulating multiple obesity, dia- 
betes and hypertension traits. 

Network-based approaches for elucidating the complexity of dis- 
ease traits cast a broad net for genes that drive disease relative to 
classic genetic linkage or association studies that limit the search to 
genes that harbour DNA variations that associate with disease in the 
population under study. Asa result, predictive networks provide the 
potential to identify hundreds of genes that drive disease and that 
could serve as points for therapeutic intervention. Our results sup- 
port the idea that common forms of disease may be emergent pro- 
perties of networks, where the networks associated with disease are 
highly interconnected, with many genes in the network potentially 
having a causal relationship with disease if perturbed strongly 
enough. With large-scale molecular profiling, genotypic and clinical 
data collected from large-scale populations, studying how a network 
of gene interactions affects disease will come to complement more 
strongly the classic focus of how a single protein or RNA affects 
disease. The integration of genetic, molecular profiling and clinical 
data has the potential to paint a more detailed picture of the particu- 
lar network states that drive disease, and this in turn has the potential 
to lead to more progressive treatments of disease that may ultimately 
involve the targeting of whole networks as opposed to current thera- 
peutic strategies focused on targeting one or two genes**. 


METHODS SUMMARY 

Liver and adipose tissue were extracted from 334 F, animals in the B X H cross 
and profiled onan Agilent custom murine gene expression microarray”, All E> 
animals were genotyped at more than 1,300 single nucleotide polymorphism 
markers and clinically characterized with respect to obesity-, diabetes- and 
atherosclerosis-related traits”. ‘The gene expression and genotype data were 
combined to construct co-expression networks comprised of the most highly 
connected nodes from each tissueand sex using previously described methods”. 
Highly interconnected sub-networks were then detected from each co- 
expression network using an iterative search algorithm‘*, QTL were detected 
for each of the expression and metabolic traits using a forward stepwise regres- 
sion procedure”**, QTL with pleiotropic effects on expression and metabolic 
traits were identified using a multivariate likelihood test". The Bx H QTL, 
expression and metabolic trait data were then integrated to assess whether each 
expression trait in each tissue wassupported as having a causal relationship with 
eachof the metabolictraits, with respectto QTL detected with pleiotropic effects 
on the expression and metabolic traits”. To identify sub-networks as having a 
causil relationship with the metabolic traits, each sub-network was tested for 
enrichment of expression traits supported as havinga causal association with the 
metabolic traits using the Fisher Exact Test. Genes comprising the sub-network 
supported as having a causal relationship with all metabolic traits scored in the 
B XH cross were selected for validation on the basis of one of two criteria: the 
gene was supported as having a causal relationship with the metabolictraits in an 
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independent, previously published study, or the gene was supported as having a 
causil relationship with the most metabolic traits scored in the B XH cross. The 
three genes chosen for validation using these criteria were validated by construct- 
ing gene-knockout mouse strains (Lp! and Pmp!l) or transgenic mouse strains 
overexpressing the gene of interest (Lacth). Full Methods are provided in the 
Supplementary Information. 
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Compartmentalized dendritic plasticity 
and input feature storage in neurons 


Attila Losonczy'*, Judit K. Makara’ & Jeffrey C. Magee’ 


Although information storage in the central nervous system is thought to be primarily mediated by various forms of synaptic 
plasticity, other mechanisms, such as modifications in membrane excitability, are available. Local dendritic spikes are 
nonlinear voltage events that are initiated within dendritic branches by spatially clustered and temporally synchronous 
synaptic input. That local spikes selectively respond only to appropriately correlated input allows them to function as input 
feature detectors and potentially as powerful information storage mechanisms. However, it is currently unknown whether 
any effective form of local dendritic spike plasticity exists. Here we show that the coupling between local dendritic spikes and 
the soma of rat hippocampal CA1 pyramidal neurons can be modified in a branch-specific manner through an 
N-methyl-p-aspartate receptor (NMDAR)-dependent regulation of dendritic Kv4.2 potassium channels. These data suggest 
that compartmentalized changes in branch excitability could store multiple complex features of synaptic input, such as their 
spatio-temporal correlation. We propose that this ‘branch strength potentiation’ represents a previously unknown form of 
information storage that is distinct from that produced by changes in synaptic efficacy both at the mechanistic level and in 


the type of information stored. 


A distinctive morphological feature of neurons is the large number of 
dendritic branches that compartmentalize their primary input 
regions. Generally, these branches contain voltage-dependent ion 
channels, the activation of which produce local membrane potential 
nonlinearities (Na*, Ca?* or NMDA spikes) that markedly shape 
incoming synaptic input and action potential output'*. These chan- 
nels are modifiable by physiologically relevant stimuli and by beha- 
viour'"!, Recent reports suggest that channel modifications can take 
place within restricted dendritic regions, raising the possibility of a 
compartmentalized regulation of local dendritic nonlinearities'*"*. 
Such plasticity might function as a powerful mechanism for storing 
particular input features encoded in highly correlated patterns. 


Variable spike strength and propagation 

‘We used multi-site two-photon glutamate uncaging to deliver spatially 
clustered and temporally synchronous input patterns required to 
evoke local dendritic spikes in basal and radial oblique dendrites of 
rat hippocampal CAI pyramidal neurons (Fig. 1a, b)*. These dendritic 
spikes produce a nonlinear depolarization at the soma consisting of a 
fast Na” -channel-dependent componentand a slow NMDA-receptor 
component (Fig. 1a, b)*, We observed that the strength of the Na” 
spike (amplitude and rate of rise (dV/df)) within a branch was rda- 
tively invariant between trials and independent of input configuration 
or strength (Supplementary Fig, 2a, b)*. There was, however, a emark- 
able variation of spike strength between branches (Fig. 1a, b). We 
proposed that differences in the propagation of dendritic spikes within 
branches might underlie this variability. Therefore, we examined the 
within-branch propagation by measuring Ca” transients associated 
with dendritic spikes at various distances from the input location 
(Big. Ice). In most cases, spike-associated Ca’* signals propagating 
towards the soma decreased markedly within 20-40 pum of the input 
site (fluorescence change (AF/F), from 109 + 5% to 24+ 2%, n=65 
of 76 dendrites; Fig. 1c, e), whereas those propagating towards the 
sealed end attenuated much less over a similar distance (AF/F, from 


111 + 11% to 100 + 8%, n = 21; Fig, Le and Supplementary Fig. 3a). 
Notably, dendritic spikes propagated towards the soma much more 
robustly in a minority of branches (AF/F, 104 + 12% to 926%, 
n=11; Fig, 1d, e). In these dendrites, spike-associated Ca’ signals 
did not attenuate over the ~60 jum of forward propagation measured. 
As expected, the amplitude and dV/dtof the fast spike component was 
directly proportional to propagation strength (strong, 5.06 + 0.36mV, 
543+0.78Vs !, n=11; weak, 1.15+0.06 mV, 0.45+0.05Vs }, 
n=65, P<0.001; Fig. If and Supplementary Fig, 3b), whereas there 
was no difference in local spike threshold measured at the soma 
(strong, 3.34+035mV, n=7; weak, 3.34+0.24mV, n=34, 
P=0.551) or in slow component amplitudes at threshold level 
(Supplementary Fig. 3c). These data indicate that variability in branch 
spike forward propagation produces heterogeneity in the coupling 
between various dendrites and the soma/axonal output region”. 

To determine whether there were indeed two distinct populations 
of branch strengths, we focused on the spike dV/dt as a measure of 
propagation strength*® using data from a larger population that 
included branches without simultaneous Ca** recordings 
(n= 479), Data were better fit by a double gaussian function with 
peaks that were an order of magnitude apart (Fig. 1g, first peak, 
0.37 + 0.001 Vs; second peak, 3.49 + 0.11 Vs ') than by a single 
gaussian function (P< 0.001, Shapiro—Wilktest). Thus, there are two 
distinct populations of dendrites with most (78%) exerting weak 
coupling strength (weak dendrites) and a minority (22%) with a ten- 
fold stronger coupling (strong dendrites). 


Action potential output depends on spike strength 

‘The amplitudes of weak dendritic spikes are quite small at the soma 
(spike amplitude, 1.52 + 0.05 mV; peak amplitude near threshold, 
4.38 + 0.20 mV, n= 188) with maximum depolarization at the slow 
NMDAR-dependent peak, even when two separate weak dendrites 
are simultaneously activated (Supplementary Fig. 3d, e). Because of 
this, weak dendritic spikes produce imprecisely timed action potential 
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output with variable latency (latency and jitter, 11.64 + 1.28 ms and 
3.51 £0.85 ms, respectively, n= 24, Fig, 1h). In contrast, the fast spike 
component of strong branches is usually large enough to evoke action 
potential output (spike, 4.95+0.26mV; peak, 7.81+0.56mV, 
n= 35). The action potentials initiated by strong dendritic spikes 
required much fewer inputs (~55% of weak dendrite inputs, Supple- 
mentary Fig, 3f) and showed latency and jitter an order of magnitude 
lower than that observed for weak dendritic spikes (latency, 1.94 + 
0.19 ms;jitter, 0.13 + 0.04ms, = 13; Fig. 1h). Thus, local spikes from 
strongly coupled dendrites are capable of evoking an invariant, precise 
action potential output for a much reduced input level. 


Dendritic morphology and spike strength 

We next examined whether the pattern of weak and strong spikes 
varied with distance of the branch from the soma. Using the above 
bimodal distribution and the dV/dt versus AF/F data (Fig. 1f) to 
establisha criterion, we separated dendritic spikes into a strong group 
(dVidt>2Vs~') and a weak group (dVidt<2Vs~'). Although 
both weak and strong branches could be observed among basal and 
radial oblique dendrites originating within ~80 um of the soma, the 
proportion of strong spikes decreased for radial oblique dendrites 
bifurcating from the apical trunk >40 jim from the soma (Fig. li). 
A similar pattern was observed during dendritic recordings. Because 
of this relationship, the remainder of our analysis was limited to this 
perisomatic region (basal or radial oblique bifurcating from the trunk 
within ~40 jm from the soma). The infrequent observation of strong 
Na’ spikes in distal oblique compartments does not, however, mean 
that branch strength is invariant in this region, as distal branch 
strength may be expressed through a different nonlinear mechanism 
than the Na” spike. We next plotted spike dV/dt versus distance of 
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input location along dendrites for this proximal population 
(Supplementary Fig. 4a). Data points for weak branches varied as a 
function of distance (4=69)m), whereas spikes from strong 
branches did not. 


Saltatory-like spike propagation 

Proximal dendrites are rarely single branches (~11% here), rather 
they divide further, forming complex dendritic families that consist 
ofa primary branch, terminal dendrites and occasionally intermediate 
segment(s). By systematically testing the proximal dendritic families 
(Fig. 2a and Supplementary Fig, 4b), we discovered that branch coup- 
ling strength was hierarchically structured such that the majority of 
primary branches were strong (75%, 88 out of 117 branches), whereas 
much fewer terminal branches showed strong spikes (18%, 35 out of 
194). To quantify this hierarchical relationship, we calculated the 
within-family spike ratio, defined as dV/dtof the higher order daugh- 
ter (D) branch divided by dV/dt of the lower order parent (P) branch 
(Fig, 2b and Supplementary Fig. 4c). The distribution of spike ratio in 
families with strong parent branches demonstrated that by 15-40 pm 
distal to the branch point, daughter branches were already either 
extremely weak (spike ratio, 0.18 + 0.01, n = 90) or slightly stronger 
than the parent branch to which they were connected (spike ratio, 
1.17 + 0.05, n = 30, P< 0.001) (Fig, 2b and Supplementary Fig.4c, d).. 
Consistent with this, two nearly coincident but separable spike d V/dt 
components were usually found in the total fast spike of strong daugh- 
ter branches (dV/dts), with one small component corresponding to 
the daughter branch itself (dV/dfp) and a second dV/dt component 
approximately the same size as the strong parent branch spike 
(dVidtes Fig. 2c). In several cases, two daughter branches bifurcating 
from a common parent branch showed highly divergent spike ratios, 


Figure 1| Two populations of dendritic spike 
strengths. a, Left, image stack. The input region 
is expanded with numbered uncaging locations 
indicated. Right: membrane potential (V,, top) 
and dV/dt (bottom) traces of astrong dendritic 
spike. Black traces, subthreshold gluEPSPs; red 
traces, dendritic spike. b, Weak branch. ¢,d,Spike- 
associated Ca°* signals in weakly (c) and strongly 
(d) forward propagating dendrites. Distances 
from input site (dots and orange line) are 
indicated. e, Forward propagating Ca°* signals 
versus distance from input site in weak (blue 
dots) and strong (red dots) dendrites and for 
spikes propagating towards the sealed end in 
weak (black) and strong (red triangles) branches. 
f, Spike dV/dt versus spike Ca* signals (at 
20-40 um proximal to input). g, Distribution of 
spike dV{de fit by a double gaussian function (d- 
spike, dendritic spike). h, Action potential (AP) 
output evoked by weak (upper left) or strong 
(upper right) dendritic spikes (four trials each) 
Action potential latency (lower left) and jitter 
(lower right) for weak and strong branches is, 
shown. i, Spike dV/dt versus dendrite distance 
from soma in somatic and dendritic recordings. 
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with one being strong and the other weak (Fig, 2d, e and Supplemen- 
tary Fig, 4e). In these cases, thed V/dtp component from the strongly 
coupled daughter branch was nearly twice that of the weakly coupled 
sister branch (strong, 0.89 +0.08Vs~'; weak, 0.51 +0.05Vs"', 
n= 9, P-<0.001; Fig. 2f). Ca** imaging confirmed that only strong 
daughter branches fired local spikes capable of propagating through 
the branchpoint into the strong proximal compartment (Fig. 2d, e, g). 
‘The strength of the daughter branch spike was independent of any 
particular synaptic property of the initiating input (Supplementary 
Fig. 2b, c). Thus, local spikes within daughter branches act as variable, 
all-or-none triggers of stronger parent branches, with only a minority 
of daughter branches possessing adequate excitability to support 
effective propagation. These data indicate that basal and proximal 
radial oblique dendrites form a distinct, extensively branching periso- 
maticintegration zone with a large number of terminal compartments 
(~70% of total)* whose intemal properties can be independently 
regulated to shape the impact of their synaptic input (which originates 
primarily from subregions CA3a and b)"""*. 


Branch strength potentiation 
The variable pattern of branch coupling strengths observed within 
dendritic arborizations might reflect a natural regulatory process 
governing the excitability of local branches, If this is the case, we 
should be able to alter experimentally the coupling strength of selec- 
tive branches. We tested this hypothesis on weak daughter branches 
(1540 um from branch point; dV/dtp, 0.72 + 0.05 Vs" 1, = 36) that 
originated from strong parent dendrites (dV/dtp, 5312 0.59Vs"', 
n= 36). We first tested whether input pattems designed to mimic 
those found during exploratory sharp waves (SPWs)'” could induce 
a change in local spike propagation, More than 40 min of repeated 
local spike initiation by itself caused only a minor change in the 
strength of the weak daughter branch (dV/dip, to 111+ 3%, 


i Terminal 


210 
§ 08. 
Bos 
Z 0.4 
g 


a: 0. 


lanad 
2 4 6 8 10 3040 
dvi Vs) 


Pp 
dV/dt py 
a < 


Figure 2 | Relationship of dendritic morphology and branch strength. 

a, Membrane potential (Vx; top) and dV/dt (bottom) traces from a strong 
primary and a connected weak terminal branch. Right: the cumulative 
probability of spike dV/de for all primary and terminal branches is shown. 
Red, strong; blue, weak. b, Spike ratio for daughter (D) branches originating 
from strong parent (P) versus distance of the input location on the daughter. 
¢, Vand dV/dr from a strong parent (left) and connected strong daughter 
(right) for suprathreshold (red) and just subthreshold (grey) input. Parent 
dV/dt has one component (P) whereas the strong daughter () has two 
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P<0.01, n=7; Fig. 3A, D, E) and did not result in recruitment of 
the strong branch spike. However, when we combined the same 
repeated local spike initiation with a transient application of the cho- 
linergic agonist carbachol (CCh, 51M, 20 min), to mimic the neuro- 
modulatory state of exploratory behaviour”, the stimulus induced a 
robust, slowly developing enhancement of weak branch spike strength 
that continued even after CCh washout (d V/dtp in CCh, to 158 + 9% 
of control, P< 0.001, n = 13;Fig. 3B, D, E). Inmost cases the daughter 
spikes became effective enough to evoke the strong parent branch 
spike, leading to a large step increase in dV/dt and in spike ratio (9 
out of 13 experiments, dV/dty, to 548 + 129%; spike ratio, from 
0.27 + 0.05 to 1.09 + 0.07; Fig. 3B, F-H). Dendritic spike amplitude 
wasalso significantly enhanced (to 245 + 35%, n= 13, P< 0.01). We 
also used a more general associative theta (0)-pairing protocol that 
involved local branch spike initiation paired with two or three back- 
propagating action potentials (Fig. 3C). This induction protocol also 
successfully enhanced weak branch spike strength (dV/dfp, to 
188 + 13%, n= 16, P< 0.001; Fig. 3C-E), often to a level where it 
recruited the parent branch spike (11 out of 16 experiments, dVidty, 
to 1,198 + 294%; spike ratio, from 0.16 + 0.03 to 1.09 + 0.06, n= 11; 
amplitude, to 409 = 72%, n = 16; Fig. 3C, F-H). We named this form 
of dendritic plasticity ‘branch strength potentiation’ (BSP). 

BSP was found to be branch specific, as both induction protocols 
enhanced only those weak branches where local spikes were repeat- 
edly initiated, while leaving other unstimulated branches unaffected 
(dV/dtp in CCh: stimulated, to 148 + 13%, n=5, P< 0.05; unsti- 
mulated, to 103 + 13%, n=5, P= 0.649; dV/dip after pairing: sti- 
mulated, to 173 + 12%, n=4, P< 0,01; unstimulated, to 99 + 5%, 
n=7, P= 0.839; Fig, 4a-c), including the strong parent branches to 
which they were connected (dV/dtp in CCh, to 116 + 39%, n= 4, 
P=0.446; 0-pairing, to 111+ 11%, n= 4, P= 0.546). Also, both 
local spikes and back-propagating action potentials were required 
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for potentiation induced by the 0-pairing protocol, as the same repe- 
titive suprathreshold synchronous input alone or back-propagating 
action potentials paired with only a locally subthreshold (asynchron- 
ous) input pattern did not change spike strength (Fig. 4g and Supple- 
mentary Fig. 5a-c). This indicates that BSP is an associative form of 
plasticity. BSP was not, however, dependent on the activation of a 
specific set of dendritic spines, as the increase in spike strength could 
still be detected if naive spines close to the initiation site were activated 
once the potentiation fully developed (Supplementary Fig. 5d). The 
effect of CCh was prevented by atropine (5 1M), indicating that mus- 
carinic acetylcholine receptors (mAChRs) were involved (dV/dtp, to 
102 + 169%, n = 4, P= 0.679; Fig. 4g), and both forms of plasticity were 
blocked by the NMDAR antagonist D,.-2-amino-5-phoshonovaleric 
acid (APS, 50M, dVidfp for CCh in AP5, to 105+6%, n=4, 
P=0.398, Fig. 4d, f-g; dVidtp for 0-pairing in APS, to 103 +6, 
n=6, P=0.577, Fig. 4e-g). In summary, repetitive local spiking in 
weak branches when associated with either mAChR activation or back- 
propagating action potentials triggers an NMDAR-dependent signal- 
ling pathway that leads to a gradual enhancement of local spike 
propagation that eventually becomes effective enough to activate the 
more powerful proximal dendrites of the dendritic family. 


Voltage-gated ion channel mechanisms 


One candidate mechanism for BSP is a long lasting modification 
of A-type K* currents that shape the propagation of both 
back-propagating action potentials'**! and dendritic spikes', and 
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that are regulated both by long-term potentiation (LTP)-inducing 
protocols'*"* and mAChR activation”®. A-type K* currents can be 
relatively specifically blocked by low concentrations of Ba* (ref. 21). 
We therefore tested the effect of Ba”* (200-250 uM for 10-25 min) 
on spike propagation in weak daughter branches originating from 
strong parent dendrites (Fig. 5a). Ba”* caused a dear increase in 
dV/dtp of the weak spike (to 156 + 9%, n= 6, P< 0.001; Fig. 5a, c), 
and the strong parent branch spike was activatedin all cases (dV/dtg, to 
931 + 102%, n =6; spike ratio: control, 0.13 + 0.02; Ba>*, 1.16 + 0.06; 
Fig. 5a, d). Both effects reversed on Ba** washout. This resultindicates 
that A-type K* currents may have an important rolein suppressing the 
propagation of dendritic spikes in weak branches. 

InCA1 pyramidal neurons, A-type K* currents are mediated mainly 
by Kv4.2 K* channel subunits’. We next performed experiments on 
transgenic mice in which the Kv4.2 gene (also called Kend2) had been 
silenced (Kv4.2~/")"., Consistent with a role of Kv4.2-mediated cur- 
rents in limiting spike propagation, d V/dp in weak terminal branches 
was significantly higher in Kv4.2-/~ mice (0.71+ 0.66 Vs"!, n= 44) 
than in wild-type littermates (0.39+ 0.26Vs~!, n= 26, P<0.001; 
Supplementary Fig. 6a, c), whereas the strong populations did not 
differ (Supplementary Fig. 6a, c). Branch strength heterogeneity and 
the characteristic hierarchical organization of coupling strength it in 
proximal dendritic families were, however, similar between Kv4.2 
and wild-type mice (Supplementary Fig. 62-d), suggesting that 
compensatory mechanisms partially counterbalanced the loss of 
Kva.2 (refs 23, 24). 
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Figure 3 | Branch strength potentiation. A, a, b, Vm and dV/dt from parent 
(P) and connected daughter (D) at indicated times afier the start of local 
spike initiation protocol (a). The entire time course of the experiment 

(b). The dashed line indicates the parent branch dV/d#. B, a,b, Vin and dV/dt 
from a strong parent (P) and connected daughter before (pre-CCh), 20 min 
after (CCh 20 min) and 58 min (Ch 58 min, red) after starting carbachol 
(541M) application (a). The entire time course of the experiment is shown 
(b).C,ac, Input locations on parent (red) and daughter (blue) branchesin a 
family (a). b, Left: Vi, (top) and schematic (bottom) showing 0-pairing 
protocol applied to the daughter branch. bAPs, back-propagating action 
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F, Spike ratio versus time for individual experiments with CCh and 
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points. G, Maximal daughter branch spike dV/dt in control (dV/dtp) and 
after CCh or 0-pairing (dV/dty) when parent branch was recruited. H, Spike 
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We next determined the effect of Ba’* on weak daughter branches 
originating from strong parent dendrites in Kv4.2"/~ and wild-type 
mice.Ba*” enhanced branch spike strength in wild-type mice similarly 
as observed in rats (dV/dtp, to 205 + 19%, n=4, P< 0.05; dV/dtg, to 
2,550 + 1170%, n= 3; Fig. 5c, dand Supplementary Fig. 6e), whereas it 
had no significant effect on branches from Kv4.2"/~ neurons (dV/dtp, 
to 111 + 15%, = 8, P=0.839; Fig. 5b-d), confirming the channel 
specificity of low Ba" concentrations. Finally, we tested the ability of 
the CCh and 0-pairing protocols to induce BSP in Kv4.2"/~ and wild- 
type mice, Notably, in Kv4.2"'~ mice, neither induction protocol 
influenced dV/dt in weak daughter branches (CCh, to 109 + 8%, 
n= 8, P=0.164, Fig. 5e, g; 0-pairing, to 93+ 4%, n=7, P= 0.572, 
Fig. 5f, h), whereas BSP was successfully induced in wild-type cells 
both by CCh (dV/dtp, to 190+ 24%, n=7, P<0.01; Fig. 5g and 
Supplementary Fig. 6f) and 0-pairing (dV/dtp, to 314 + 47%, n=6, 
P<0.01; Fig. 5h and Supplementary Fig. 6g). These results strongly 
implicate downregulation of A-type K* currents, mediated by Kv4.2 
subunits, as the underlying mechanism of BSP. 


Discussion 


In summary, branch coupling strength is not a static feature, as the 
associative pairing of a highly synchronous input pattern with action 
potential output or mACHR activation leads to a long-term elevationof 
coupling strength of only the stimulated branch. Such a selective 
enhancement could be used to store the occurrence of this uniquely 
correlated input, as the subsequent arrival of only this specific spatio- 
temporal input pattern would evoke a precise, invariant form of action 
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Figure 4 | Specificity and associativity of branch strength potentiation. 

a, Stack image (top left) and outline of two terminal branches (bottom left, 
D-1 and D-2). Right: dV/d¢ from D-1 that received repeated local spikes in 
CCh (stimulated branch). D-2 received only CCh application (unstimulated 
branch). b, Similar to abut with 0-pairing, ¢, Summary of branch selectivity. 
d, e, NMDAR antagonist blocked the effect of both Ch (d) and 0-pairing 
(e) on BSP. f, Summary of baseline-normalized spike dV/dt versus time for 
CCh and 0-pairing (left) and summary of dV/dtp before and after CCh or 
6-pairing in APS (right). g, Summary of the effect of different stimulation 
forms on daughter branch spike strength. 
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potential output. BSP might, therefore, be considered input pattern 
specific, particularly because it will not affect unitary excitatory post- 
synaptic potential (EPSP) amplitudes‘, Furthermore, BSP could inter- 
act with synaptic plasticity, as LTP of synaptic inputs onto a particular 
branch*** would increase the probability of future local spike initiation 
and therefore BSP. The resulting compartmentalized downregulation 
of Ky4.2 function will also increase action potential back-propagation 
into that branch, promoting LTP maintenance there'*. Sucha positive 
feedback could elevate the retention time of stored information”. 

Although we focused primarily on the regulation of local Na* 
spike propagation within perisomatic dendrites of CA1 pyramidal 
neurons, other dendritic nonlinearities (for example, Ca2*/NMDA. 
plateaus) exist both in more distal regions of these cells as well as in 
dendrites of other neurons''. Compartmentalized alterations in ion 
channel function could also affect the strength of these dendritic 
spikes. Because of the ubiquity of modifiable active dendritic com- 
partments, BSP is potentially a general feature of neuronal informa- 
tion processing and storage. In the hippocampus, BSP may be 
particularly applicable for the compressed sequence replay occurring 
during slow-wave sleep (SWS)*". Repeated synchronous activation 
ofaCA3 cell ensemble during exploratory SPWs” could induce BSP, 
storing the specific feature represented by these neurons in enhanced 
branch coupling strength (Supplementary Fig. 1). Subsequent syn- 
chronous ensemble activation during SWS would evoke strong 
dendritic spikes and the associated precise action potential output 
characteristic of SWS. Consequently, the heterogeneous distribution 
of branch strengths observed in CA1 neurons may be an imprint of 
already stored sequence items onto the arborization. 


METHODS SUMMARY 

Acute hippocampal slices were prepared from 8~12-week-old rats and mice 
(Kv4.2-/~ or wild-type littermates). Current-clamp whole-cell recordings were 
performed at 33-36 °C from soma or proximal apical trunks of hippocampal 
CAI pyramidal neurons filled with Oregon green BAPTA-1 or Alexa 488. Two- 
photon laser-scanning microscopy and two-photon glutamate uncaging were 
performed using a dual galvanometer-based scanning system with two 
Ti:sapphire lasers‘, For glutamate uncaging, MNI-glutamate was uncaged at 
5-20 visually identified spines (0.2-ms exposure times, with 0.1-0.2-ms inter- 
stimulus intervals between exposures at different spines). Repeated local spiking 
protocols were given as trials of 3-10 local spikes every ~5-30 s with ~S-min 
inter-trial intervals. In consecutive trials of an experiment, different sets of 
spines were usually activated, by randomly picking the available spines within a 
~10-20 jum region of a dendritic segment in the same focal plane. The 0-pairing 
protocol consisted of locally suprathreshold uncaging paired with back- 
propagating action potentials, That is, fifteen trains (five trains at 0.01 Hz 
Tepeated three times with a 30-s interval) of two bursts (repeated at 5 Hz), with 
each burstcomposed ofa local spike (synchronous uncagingon a cluster of 10-15 
spines with a 0.1-ms interval) paired with two-three back-propagating action 
potentials at 100 Hz. The back-propagating action potentials were timed so that 
the peaks of the action potentials were coincident with the peak of the uncaging 
evoked EPSP (gluEPSP), as measured at the soma. Different spines were used for 
the 0-pairing induction and for testing the spikes before and after induction. 
During 6-pairing induction, different spines were usually used between cansec- 
tive sets of trains, Distance measurements and anatomical evaluation were per- 
formed on stacked images collected at the end of recordings. All data are given in 
mean + sem. In all figures, symbols with error bars indicate mean + sem 
asterisk, P< 0.05; double asterisk, P< (01; triple asterisk, P< 0.001. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Haematopoietic stem cell release is 
regulated by circadian oscillations 


Simon Méndez-Ferrer’, Daniel Lucas’, Michela Battista’ & Paul S. Frenette 


1,2,3 


Haematopoietic stem cells (HSCs) circulate in the bloodstream under steady-state conditions, but the mechanisms 


controlling their physiological trafficking are unkno\ 
robust circadian fluctuations, peaking 5h after the 


Here we show that circulating HSCs and their progenitors exhibit 
jation of light and reaching a nadir 5h after darkness. Circadian 


oscillations are markedly altered when mice are subjected to continuous light or toa ‘jet lag’ (defined as a shift of 12h). 
Circulating HSCs and their progenitors fluctuate in antiphase with the expression of the chemokine CXCL12 in the bone 
marrow microenvironment. The cyclical release of HSCs and expression of Cxcl12 are regulated by core genes of the 
molecular clock through circadian noradrenaline secretion by the sympathetic nervous system. These adrenergic signals are 
locally delivered by nerves in the bone marrow, transmitted to stromal cells by the }3-adrenergic receptor, leading to a 
decreased nuclear content of Sp1 transcription factor and the rapid downregulation of Cxcl12. These data indicate that a 
circadian, neurally driven release of HSC during the animal's resting period may promote the regeneration of the stem cell 


niche and possibly other tissues. 


Under homeostasis, small numbers of HSCs are detectable in the 
bloodstream of mammals'. The omnipresence of HSCs and their 
progenitors in the circulation and their rapid clearance after injection 
suggest a rapid flux between the blood and bone marrow compart- 
ments under homeostasis’. Studies in humans have previously 
revealed conflicting patterns in circadian variations of circulating 
progenitors, Mobilization of HSCs and their progenitors into the 
circulation represents the basis for modern bone marrow trans- 
plantation procedures and can be elicited by multiple structurally 
distinct compounds with various speeds of action>*. The proto- 
typical agent used in the clinic, granulocyte colony-stimulating factor 
(G-CSE), mobilizes HSCsand their progenitors to the blood through 
complex mechanisms, involving notably the induction of proteolytic 
activity that cleaves CXCL12 (or stromal-derived factor-1; SDF-1)""°, 
and the suppression of osteoblast function'" an integral cellular 
constituent of the HSC niche'*". This leads to decreases in Cxcl12 
expression in the bone marrow microenvironment!" and to HSC/ 
progenitor egress that depends on an intact peripheral sympathetic 
nervous system (SNS)!!. Whereas signals from the B,-adrenergic 
receptor (encoded by Adrf2)—the sole B-adrenergic receptor 
expressed in the osteoblast'"—enhance HSC/progenitor egress, 
Adrf2-mediated signals are not sufficient to suppress osteoblast 
function!', suggesting the contribution of other adrenergic or non- 
adrenergic mediators. In addition, recent studies suggest that cate- 
cholaminergic pathways can promote human CD34" cell migration 
and engraftment by acting directly on HSC/progenitor cells, prob- 
ably through AdrB2 (ref, 17). Because the mechanisms mediating 
HSC release in homeostasis are not known, it is not clear whether 
the pharmacological induction of stem cell egress usurps the endo- 
genous physiological trafficking machinery. 

While investigating further the mechanisms mediating enforced 
mobilization of HSCs and their progenitors by G-CSE, we noted by 
chance that continuous exposure to light significantly altered the 
number of colony-forming units in culture (CFU-C) and HSC- 
enriched lineage-negative (lin™ )Sca-1* c-Kit* (LSK) cells mobilized 


bythe administration of G-CSF (Supplementary Fig. 1). These results 
suggested that photic cues, processed in the central nervous system, 
could influence the trafficking of HSCs in unperturbed steady-state 
animals. We therefore investigated the circadian patterns and the 
mechanisms behind HSC release in homeostasis. 


Circadian HSC release is modulated by photic cues 

Under steady-state conditions in which mice are exposed to standard 
cycles of 12h light/12h darkness (LD), the number of circulating 
progenitors oscillated markedly, peaking 5h after the initiation of 
light (Zeitgeber time, ZT5) and reaching a low point at ZT17 (Fig. 1; 
analysis of variance (ANOVA): Fs,s3 = 3.840, P= 0.005, with post 
hoc test for linear trend P = 0.002). To determine whether this cir- 
cadian oscillation affected stem cells, we analysed LSK cells (Fig. 1b) 
and conducted competitive repopulation analyses with limiting 
blood dilutions to quantify long-term (four months) reconstituting 
HSCs at the peak (ZT3) and the trough (ZT17) (Fig. 1c). These 
analyses revealed that the number of HSCs in the circulation at 
ZTS is about twofold to threefold that at ZT17. 

Circadian fluctuations of progenitors were entrained and 
modulated by photic cues, because the pattern was arrhythmic in 
mice subjected to continuous light (LL) for two weeks (Fig. 1d; 
ANOVA: Fs,17 = 0.7522; P= 0.6). However, rhythmic oscillations 
were observed in mice maintained in continuous darkness for 
two weeks (Fig. le; ANOVA: Fs,>=3.003, P= 0.03, with post 
hoc test for linear trend P= 0.002), which is consistent with free- 
running circadian rhythms in darkness". To assess whether 
changes in light input were sufficient to alter progenitor trafficking, 
we subjected mice to a jet lag’ by advancing the LD cyde by 12h 
(Fig. 1f, bottom). Sampling of blood progenitors revealed a markedly 
flattened, arrhythmic pattern of circulating progenitor counts over 
the following 24h in jet-lagged mice in comparison with control LD- 
maintained animals (Fig. 1 ANOVA: Fs,4s = 1.366; P= 0.26). Thus, 
a simple change in light cycle is sufficient to bring about a marked 
alteration in HSC/progenitor behaviour. 
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Rhythmic Cxcl12 oscillations in bone marrow 

CXCL12is the only known chemokine capable of directed migration 
of HSCs**’, The circadian fluctuations in HSCs and their progeni- 
tors suggested that CXCLI2 might also be subjected to circadian 
control. To investigate this possibility, we measured the expression 
of Cxcli2 in the bone marrow microenvironment by ELISA. 
Remarkably, CXCL12 protein levels fluctuated in a pattern that 
mirrored oscillations in circulating HSCs and their progenitors 
(Big. 2a; ANOVA: K, 49 = 2.485, P= 0.04, with post hoc test for linear 
trend P= 0.006). Similar rhythmic fluctuations were observed in 
Cxcll2 mRNA expression (Fig. 2a), suggesting that CXCL12 is not 
regulated by proteolytic degradation under homeostasis and that the 
steady-state circadian oscillations in HSCs and their progenitors are 
controlled by fluctuations in Cxcl12 expression. Further, oscillations 
of Cxcll2 expression in bone marrow were arrhythmic in mice 
maintained in constant light (Fig. 2b) or under conditions of jet 
lag (Fig, 2c), whereas Cxcl 2 expression continued to fluctuate rhyth- 
mically in mice maintained in constant darkness (Fig. 2d; ANOVA: 
Fs,1g = 3.664, P= 0.02, with post hoc test for linear trend P= 0.001). 
These results suggest that circadian release of HSCs is triggered by 
rhythmic expression of Cxcl!2 in the bone marrow. 


Neural signals regulate Cxcl12 through AdrB3 

Because SNS signals affect the G-CSF-induced mobilization of 
HSCs" and modulate osteoblast proliferation through the peripheral 
expression of core clock genes”, we next lesioned the SNS of adult 
mice with 6-hydroxydopamine (6OHDA) to assess the role of SNS 
signals in the circadian release of HSCs. SNS disruption abolished 
the normal circadian pattern of circulating progenitors (Fig. 3a). In 
addition, 6OHDA did not affect the number of CFU-Cs, LSK cells 
or CD150*CD48~CD41~ HSCs® in the bone marrow (data not 
shown), excluding a direct toxicity on HSCs and progenitors. Com- 
petitive repopulation assays to evaluate the number of circulating 
stem cells at ZT5 revealed a marked decrease in long-term repopu- 
lating stem cell activity in 6OHDA-lesioned mice compared with 
control C57BL/6 mice up to 17 weeks after transplantation (Fig. 3b 
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and Supplementary Fig. 2). These results suggested that adrenergic 
signals are critical for the circadian release of stem cells from the bone 
marrow. 

Because 6OHDA disrupts the SNS systemically, it could be argued 
that its effect might be mediated either through a loss of soluble 
catecholamines (for example from the adrenal glands), through other 
indirect effects to non-haematopoietic organs or through a local 
delivery of noradrenaline (norepinephrine) from adrenergic nerve 
terminals in the bone marrow, To distinguish between these possibi- 
lities, we surgically sympathectomized the tibiae of mice by unilateral 
microsection of both the sciatic and femoral nerves. We checked 
whether the sympathectomy was complete by staining for tyrosine 
hydroxylase, and found no specific staining for sympathetic fibres 
in the denervated bone marrow, whereas the contralateral sham- 
operated side exhibited multiple stained fibres, mostly near blood 
vessels (Fig, 3c, d), Strikingly, the circadian oscillations of Cxcl12 
expression were severely altered in the denervated tibiae, whereas 
Cxcll2 expression showed the characteristic diurnal pattern in the 
contralateral sham -operated tibiae of the same mice (Fig. 3¢, f). These 
results demonstrate that the rhythmic fluctuations in Cxc12 expres- 
sion and the resulting release of HSCs require adrenergic signals 
delivered locally in the bone marrow by nerves from the SNS. 

To evaluate the exact contribution of adrenergic receptors and 
the downstream mechanisms, we treated bone marrow stromal cells 
(MS-5) with selective and non-selective adrenergic agonists and 
antagonists. Noradrenaline, the natural neurotransmitter of the 
SNS, and isoprenaline (isoproterenol), a non-selective B-adrenergic 
agonist, decreased CXCL12 production ina dose-dependent manner 
(Fig. 4a). A similar decrease in Cxcll2mRNA expression was detected 
with either adrenergic agonist (Supplementary Fig. 3). This effect 
was mediated by the By-adrenergic but not the By-adrenergic recep- 
tor, because it was induced by a B3-adrenergic agonist (BRL37344) 
and inhibited by a selective B3-adrenergic antagonist (SR59230A), 
whereas AdrB2 engagement or blockade had no effect (Fig. 4a, b). 
Treatment of primary myeloid bone marrow cultures with isopren- 
aline or BRL37344 markedly suppressed Cxcl]2expression in stromal 
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Figure 1 | Circadian traffic of HSCs and their progenitors is entrained by 
photic input. a, b, Circadian fluctuations of circulating CFU-Cs (a, n= 10 
mice per time point) and LSK cells (b,n = 6 or 7) in standard LD conditions. 
¢, Stem cell activity using long-term competitive reconstitution assays, 
Blood harvested at ZT (cyan) showed a roughly 2.5-fold increase compared 
with ZT17 (orange) in competitive repopulation 16 weeks after 
transplantation (n =4 mice per group). d-f, Circadian traffic of CFU-Cs was 
disrupted in mice subjected to altered light cycles and preserved in animals 
kept in constant darkness: d, constant light for 2 weeks (red), control LD 
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(blue) (1 =4 mice per time point); e, constant darkness for 2 weeks (solid 
red line), control LD (dashed blue line); = 6 mice per time point; f, jet lag 
(red), control LD (blue). The arrowhead in f indicates the initiation of light 
shift. Circulating progenitors were monitored 12h later and for the next 24h 
(n= 6-13 mice per time point), Results are shown as means and s.e.m, 
Asterisk, P< 0,05; two asterisks, P< 0.01 (unpaired two-tailed t-test), In 
aand d-e, time points 17 and21 have been duplicated to facilitate viewing of 
the time curve, All experiments were performed in male C57BL/6 mice six to. 
nine weeks old. 


443 


ARTICLES 


cells and significantly increased the number ofreleased progenitors in 
the supernatant, whereas the B,-adrenergic agonist clenbuterol did 
not affect Cxcl12mRNA levels (Fig. 4c). B3-Adrenergic signalling was 
sufficient to alter Cxcl12 expression, because isoprenaline injection 
sharply decreased the expression of Cxcl12in bone marrow invivo2h 
after administration in wild-type animals (Fig. 4d). However, despite 
the large decrease in bone marrow CXCLI2 induced by isoprenaline, 
no significant elevation of circulating progenitors was observed (data 
not shown). This suggested the possibility that B-adrenergic signal- 
ling might also enhance homing or trapping in tissues. To circum- 
vent this issue, we evaluated the effect of isoprenaline in mice in 
which HSC/progenitor homing and adhesion in the vasculature are 
compromised", We found asignificant increase in circulating pro- 
genitors after the administration of isoprenaline when both endo- 
thelial selectins and o%4 integrins were absent or blocked (Fig. 4e), 
suggesting that physiological, locally delivered Bs-adrenergic signals 
control HSC/progenitor release, whereas the pharmacological 
administration of non-selective f-adrenergic agonists may also 
enhance progenitor clearance. Further, a significant decrease in 
Cxcll2 expression was observed in the presence of a selective B2- 
adrenergic receptor blocker (data not shown) or in stroma derived 
from Adrf2~'~ mice (Supplementary Fig, 4). In sharp contrast, iso- 
prenaline did not affect CxclJ2 expression in stroma derived from 
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circulating progenitors. CXCL12 content in bone marrow extracellular 
fluids (solid lines in left panels) and Cxcl12 mRNA levels in bone marrow 
(solid lines in right panels) were analysed in mice kept under normal LD 
cycles (a, n = 10 mice per time point) or subjected to constant light (b), 12h 
jet lag(c, m = 4 mice per time point) or constant darkness (d, n = 6 mice per 
time point). CXCL12 levels mirrored fluctuations in circulating progenitors 
(dashed lines) in all conditions. The decreased amplitude of circulating 
CFU-C oscillations under constant light and jet lag were also correlated with 
decreased fluctuations in bone marrow CXCLI2 levels. a, b, d, Time points 
17and21 have been duplicated to facilitate viewing of the time curve. Results 
are shown as means and s.e.m, Male C57BL/6 mice six to nine weeks old were 
used. 
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AdrB3~'~ mice (Fig. 4f) and induced a significant mobilization of 
progenitors in control but not AdrB3~/~ mice after blockade of 
endothelial selectins and oy integrins (Fig. 4g). Moreover, the effect 
of isoprenaline was mimicked by a selective fiy-adrenergic agonist 
(BRL37344; Fig, 4g). Because adrenergic activity in the murine bone 
marrow follows a circadian variation” that closely mirrors fluctua- 
tions in Cxcll2 expression (Fig. 2), we reasoned that the release of 
noradrenaline in the bone marrow microenvironment might be 
responsible for the rapid downregulation of Cxcl12 and the release 
of progenitors that follow the onset of light (Fig. 2). To test this 
possibility, we administered a f)j-adrenergic antagonist (SR59230A) 
at ZT23 (1h before the onset of light) and harvested circulating 
progenitors at ZT1. As shown in Fig. 4h, SR59230A prevented the 
morning increase in circulating progenitors. Furthermore, circadian 
fluctuations in bone marrow CXCLI12 and circulating progenitors 
were preserved in AdrB2~/~ mice and markedly attenuated in 
AdrB3~/~ animals, and additional blockade of Adrf1 and Adrf2 in 
AdrB3~!~ mice did not affect the number of circulating progenitors 
(Supplementary Fig. 5), suggesting a crucial role for AdrB3 but not 
the other B-adrenergic receptors in circadian CXCL12 regulation. 


HSC release is orchestrated by the central clock 

The circadian regulation of HSC release suggests a role for the core 
genes of the molecular dock that orchestrate the expression of 
numerous target genes centrally from the suprachiasmatic nucleus 
and/or peripherally in various tissues (reviewed in refs 28, 29), 
Circulating CFU-C counts and CxclJ2 expression did not oscillate 
in a circadian manner in Bmal-1~/~ mice (Fig. 5a), indicating that 
clock genes do indeed regulate Cxcl12, Because the SNS regulates 
osteoblast proliferation through the expression of clock genes in 
osteoblasts, we profiled the expression of clock genes in the bone 
marrow. We observed a trend consistent with the expression patterns 
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Figure 3 | Adrenergic innervation of the bone marrow regulates 
oscillations in Cxcl12 expression and circulating HSCs. a, Neurochemical 
sympathectomy of adult mice with 6OHDA abolished fluctuations in 
circulating progenitors (solid red lines). The dashed blue line represents 
control LD (1m =4 mice per time point). b, Stem cell activity measured with 
long-term competitive reconstitution assays. Blood harvested at ZT5 from 
6OHDA-treated mice (red) showed a marked decrease in competitive 
repopulation units at 17 weeks. Asterisk, P< 0.05 (unpaired two-tailed 
test), The estimated number of competitive repopulation units was 1 in 
505 lin (OHDA-treated mice in comparison with 1 in 42 ul in control mice 
(Supplementary Fig. 2; 1.5% reconstitution threshold; n = 4 mice per dose). 
c-e, Surgical denervation of the tibiae of adult mice destroyed 
catecholaminergic fibres in the bone marrow (¢, sham-operated bone 
marrow; d, denervated bone marrow; green, immunofluorescence for 
tyrosine hydroxylase) and abolished fluctuations (red lines) in CXCL12 
protein (e) and Cxcl12 mRNA levels (f), whereas Cxel12 showed the 
characteristic circadian pattern in the sham-operated contralateral tibiae 
(e, f, green lines; n= 4 mice per time point). a, e, f, Time points ZT17 and 
ZT21 have been duplicated to facilitate viewing of the time curve. Results are 
shown as means and s.e.m, Male C57BL/6 mice six to nine weeks old were 
used. 
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reported for Clock, Bmall, Perl, Per2, Cryl and Rev-erba in peri- 
pheral oscillators under LD**®, and apparent alterations under con- 
tinuous light or conditions of jet lag, but these patterns were not 
statistically significant (Supplementary Fig. 6). The Cxcl12 promoter 
contains several non-canonical E boxes (CGNNAT) that nevertheless 
suggest the possibility of a direct control of Cxcl12by peripheral clock 
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Figure 4 | Bs Adrenergic receptor activation decreases Cxcil2mRNAlevels 
in bone marrow stromal cells and triggers HSC/progenitor mobilization. 
a, Dose-dependent decrease in CXCL12 secretion by MS-5 cells 36h after 
treatment with noradrenaline was mimicked by the non-selective 
f-adrenoceptor agonist isoprenaline and a selective f-adrenergic receptor 
agonist (BRL37344) but not a fh-adrenergic receptor agonist (clenbuterol); 
n=8.b, The effect of isoprenaline (iso., 50 j1M) in MS-5 cells was prevented 
by a selective fi-adrenergic receptor antagonist (1 jM $R59230A; SR) but 
not a B,-adrenergic receptor antagonist (1 {1M butoxamine; but.); 1 = 

¢, Decrease in Cxcl12 mRNA levels 2h after treatment of primary myeloid 
cultures derived from adult C57BL/6 mice with isoprenaline or BRL37344, 
but not clenbuterol (50M, 1 = 4). This decrease correlated with the 
number of CFU-Cs that were detached from the stromal layerand released in 
the supernatant. d, Isoprenaline (2 mg kg’, injected intraperitoneally) 
decreased bone marrow Cxcl12 mRNA levels by 80% 2h after its 
administration to adult C57BL/6 mice (n = 6). e, Injection of isoprenaline 
(2mgkg 7, injected (inj.) intraperitoneally) induced HSC/ progenitor 
mobilization when homing was compromised by injection with anti-r, 
integrin antibodies (Ab) in endothelial selectins-deficient mice (of C57BL/6 
genetic background; n = 6). Sal, saline, f, Cxcl12 mRNA levels were 
significantly decreased 2h after 100 uM isoprenaline treatment of primary 
myeloid cultures from control FVB/NJ mice but not Adrb3~/~ mice of the 
same background (n= 4). g, Injection of isoprenaline or BRL37344 
(2mgkg~', injected intraperitoneally) induced, 2 h later, HSC/progenitor 
mobilization in FVB/NJ but not Adrb3~/~ mice in which homing was 
blocked by the injection of antibodies against P-selectin, E-selectin and o4 
integrins (n= 4-7). h, Morning (ZT'1) physiological increase in circulating 
progenitors was prevented in C37BL/6 mice (1 = 10) previously injected 
(Z123) with a By-adrenergic receptor antagonist (SR59230A, 5 mg kg~*, 
intraperitoneally). Note the smaller numbers of circulating CFU-Cs in 
C37BL/6 mice than in FVB/NJ mice, Results areshown as means and s.e.m, 
Asterisk, P <0.05; two asterisks, P-<0.01; three asterisks, P< 0.001 
(unpaired two-tailed t-test). 
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proteins. However, treatment ofbone marrow-derived Bmal-I7/~ o1 


Perl” Per2™ stromal cells with isoprenaline decreased cx 
expression to the same extent as that in wild-type control stroma 
(Eig. 5b). These results therefore suggest that clock genes probably 
regulate Cxcl12 and stem cell trafficking indirectly from the central 
nervous system rather than peripherally in the stromal cells that 
synthesize CXCL12. 


Degradation of Sp1 transcription factor 

Previous studies with the human CxclI2 promoter have shown the 
presence of several Spl transcription factor-binding sites and signifi- 
cant decreases in promoter activity when only one Sp1-binding motif 
was mutated”. Alignment ofthe human and mouse Cxcl12 promoter 
sequence revealed a remarkable conservation of these Sp1-binding 
sites. To gain more insight into the mechanisms that regulate the 
circadian fluctuations of Cxcl12 expression, we treated MS-5 cells 
and primary stromal cultures with mithramycin A, an inhibitor of 
the binding of Sp transcription factors to GC-enriched DNA 
sequences. Mithramycin A significantly decreased Cxcl12 expression 
(Fig. 5c), suggesting a requirement for Sp! function in efficient Cxcl12 
transcription. Phosphorylation of Spl by the cAMP-dependent 
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Figure 5| The central clock regulates Cxcl12 in bone marrow stromal cells 


through signals from the sympathetic nervous system. a, Circulating 
progenitors did not oscillate in Bmal1~'~ mice, compared with Bmall*/* 
and Bmal1*/~ controls (C57BL/6 genetic background; n = 4). b, Decrease in 
Cxcl12 mRNA levels 2 hafter treatment with 100 UM isoprenaline (iso.) was 
similar in primary myeloid cultures from C57BL/6, Bmal1~/~ and 
Pert™'~ Per2"™ mice (of the same genetic background; n = 4), 

c,d, Treatment of MS-5 cells or myeloid cultures derived from adult C57BL/ 
6 miice for 2h with either mithramycin A (250 iM), an inhibitor of the 
binding of Sp transcription factors to DNA (¢), or the PKA inhibitor H-89 
(254M) (d) significantly decreased Cxcl12 mRNA levels (n = 8). e, Spl 
contentin nuclear extracts from MS-5 cells after treatment with isoprenaline 
(100 jiM). The left panel shows a marked decrease 30 min after the addition 
of 100 pM isoprenaline. HeLa, nuclear extracts from HeLa cells. Nuclear Spl 
is greatly decreased 2h after exposure to isoprenaline (100 1M). Two 
representative experiments of 12 are shown, f, Treatment with isoprenaline 
(100 iM) for 2h markedly decreased Cxcl12 mRNA levels in myeloid 
cultures derived from adult C57BL/6 mice, but notin osteoblasts 
differentiated from stromal cells for 4 weeks in L-ascorbic acid 2-phosphate 
(1mM; 1 = 5). g, Model for circadian regulation of trafficking of HSCs and 
their progenitors. -AR, f}y-adrenergic receptor; BM, bone marrow; NA, 
noradrenaline; RHT, retinal-hypothalamic tract; SCN, suprachiasmatic 
nucleus, Results are shown as means and s.e.m. Asterisk, P< 0.05; two 
asterisks, P< 0.01; three asterisks, P <0,001 (unpaired two-tailed test). 
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protein kinase (PKA) has been shown to enhance its DNA binding 
activity and subsequently to induce the transcription of target 
genes". Although B;-adrenergic receptor stimulation induces PKA 
through a G, protein, it can also decrease intracellular cAMP levels 
after coupling to Gi. proteins”, eventually leading to decreased Sp1 
phosphorylation and Cxcl12 downregulation. Treatment of MS-5 or 
primary stromal cells with H-89, a selective inhibitor of PKA, signifi- 
cantly decreased Cxcl12 expression (Fig. 5d). Lipopolysaccharide, a 
known HSC mobilizing agent, was recently found to induce nor- 
adrenaline release by phagocytes”, raising the possibility that bone 
marrow macrophage-derived noradrenaline might participate in 
lipopolysaccharide-induced HSC mobilization. In addition, lipopoly- 
saccharide can induce Spl dephosphorylation and degradation, 
indicating that Sp1 degradation might be relevant to HSC trafficking. 
Consistent with this possibility was our observation that treatment of 
MS-5 cells with isoprenaline resulted in a marked and rapid (30 min) 
decrease in Sp1 content innudlear extracts (Fig. 5e). Further, Sp1 was 
almost undetectable 2h after treatment with isoprenaline (Fig. 5e), 
indicating that Sp1 degradation after By-adrenergic receptor stimu- 
lation may be responsible for the downregulation of Cxcl12 and the 
subsequent egress of HSCs and progenitors from the bone marrow. 


The SNS targets a stromal cell distinct from the osteoblast 

The role of Adr3 suggests that the cellular target of the SNSis not a 
mature osteoblast, because previous studies have reported that AdrB2 
is the only B-adrenergic receptor expressed in osteoblasts". MS-5 
(fibroblastic reticular) and ST-2 (pre-osteoblast) cell lines expressed 
both Adrf2 and Adrf3 (Supplementary Fig. 7) and also downregu- 
lated Cxcll2 after treatment with isoprenaline, whereas MC3T3-E1 
(differentiated osteoblast) did not express Adrf3 and did not respond 
to isoprenaline (data not shown). We generated osteoblasts from 
mice carrying the R26R allele that also express the Cre recombinase 
under the control of the Collal promoter (Collal—LacZ). Total 
bone marrow or primary stromal cells expressed both Adrf2 and 
Adrp3, whereas Adr 2 was the sole B-adrenergic receptor in osteo- 
blasts derived from stromal cells differentiated in L-ascorbic acid 
2-phosphate for four weeks and sorted for Collai expression 
(Supplementary Fig. 7). Further, isoprenaline did not decrease 
Cxcll2 expression in differentiated primary osteoblasts (Fig. 5f). 
Thus, these results suggest that an adherent stromal cell producing 
CXCL12, distinct from the osteoblast, is targeted by the SNS in the 
bone marrow. 


DISCUSSION 

Our studies show that HSCs do not steadily or randomly circulate 
under homeostasis, but rather follow a physiologically regulated 
thythmic release. Circadian HSC trafficking is orchestrated in the 
central nervous system by core genes of the molecular clock that 
regulate HSC attraction to their bone marrow niches by rhythmic 
secretion of noradrenaline from nerve terminals, activation of the 
Bs-adrenergic receptor, degradation of $p1, and downregulation of 
Cxcl12 (Fig. 5g). These studies show that the central nervous system 
can directly regulate the function of a stem cell niche in peripheral 
tissues. 

Recent studies have suggested that under steady state, HSCs are 
associated with osteoblasts'*'*** and sinusoids**** in the bone mar- 
tow. In both cases, HSCs have been localized near CXCL12-abundant 
reticular cells**. Further, CD146* human stromal cells, recently iden- 
tified as precursors of both sinusoidal adventitial reticular cells and 
osteoblasts, may share similarities with mouse CXCL12-abundant 
reticular cells”. The term ‘neuro-reticular complex’ has been coined** 
to describe the rich association of efferent nerve terminals with sinus 
adventitial reticular and other stromal cells that are inter-connected 
by gap junctions around sinusoids of the BM. Taken in this context, 
our studies suggest that the SNS may regulate a stromal cell associated 
with the vasculature, possibly an osteoblast precursor, thereby con- 
trolling HSC release, Enhanced circulating stem cells in the resting 
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period may constitute an essential component of the regenerative 
programme of the bone marrow niche itself, or potentially of other 
tissues by, for instance, the extramedullary restoration of specialized 
haematopoietic cells, The clinical corollary of rhythmic HSC release 
implies significantly higher yields if stem cells were harvested at the 
acrophase. 


METHODS SUMMARY 

Mouse strains, Bmall~'~ (ref. 19) (gift from C. A. Bradfield), Perl/~ Per2™™ 
(ref. 40), Adrb2™!®4y (ref, 41) (gift from G. Karsenty), FVB/N-Adrb3™2"4) 
(ref. 42) and 129S-Gi(ROSA )26Sor"™!"/] (Jackson Laboratories) mice, FVB- 
‘Tg(Collai-cre)\Kry/Mmcd (ref. 43) (Mutant Mouse Regional Resource 
Center) and Sele Selp~/~ double knockout mice and the inbred FVB/N] 
(Jackson Laboratories) and C57BL/6-CD45.1/2 (Charles River Laboratories) 
congenic strains were used in this study. Experimental procedures were 
approved by the Animal Care and Use Committee of Mount Sinai School of 
Medicine, 

Cell culture, MS-5 cells were grown in monolayers in ¢-MEM medium supple- 
mented with 10% FBS, 2 mM L-glutamine and2 mM sodium pyruvate. ST-2 cells 
were grown in RPMI 1640 medium containing 10% FBS. MC3T3-El cells were 
grown in #-MEM medium supplemented with 10% FBS. Cultures were main- 
tained with 1% penicillin-streptomycin (Invitrogen) at 37 °Cina water-jacketed 
incubator with 5% CO» and 1:10 split with 0.05% trypsin-EDTA (Invitrogen) 
every three or four days, when cells reached about 80% confluence, Cells in 
passages 3-15 were used in this study. 

Flow cytometry. Blood was collected from the retro-orbital sinus and erythro- 
cytes were lysed by incubation in 0.8% NH,Cl The number of LSK cells was 
determined by staining lineage antigens (anti-CD3e, anti-CD 1b, anti-CD45R/ 
8220, anti-Ly-6G, anti-Ly-6C and anti-TERI19) with the Biotin-Conjugated 
Mouse Lineage Panel (BD Pharmingen), followed by streptavidin-AMCA (West 
Grove), Pacific Blue-conjugated anti-Scal (Biolegend) and PECy7-conjugated 
anti-c-Kit (eBioscience). Antibodies against CD45.1 and CD45.2 (Bioscience) 
were used to determine the percentage of engraftment after competitive bone 
marrow transplantation. Mobilization of progenitors", neurochemical sympath- 
ectomy of adult mice” and CFU-C assays were performed as described prev- 
iously, Primary myeloid“ and osteoclast** cultures, CXCL12 ELISA®, preparation 
of nuclear extracts” and unilateral denervation of the bone marrow® were per- 
formed as described previously, with some modifications detailed in the full 
Methods. Conventional western blot analysis was performed with an anti-Sp1 
rabbit polyclonal antibody (Upstate) in accordance with the manufacturer's 
recommendations. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Coupling of spin and orbital motion of electrons in 


carbon nanotubes 


F. Kuemmeth”*, S. Ilani’*, D.C. Ralph’ & P. L. McEuen! 


Electrons in atoms possess both spin and orbital degrees of free- 
dom, In non-relativistic quantum mechanics, these are indepen- 
dent, resulting in large degeneracies in atomic spectra. However, 
relativistic effects couple the spin and orbital motion, leading to 
the well-known fine structure in their spectra. The electronic 
states in defect-free carbon nanotubes are widely believed to be 
four-fold degenerate’, owing to independent spin and orbital 
symmetries, and also to possess electron-hole symmetry". Here 
we report measurements demonstrating that in clean nanotubes 
the spin and orbital motion of electrons are coupled, thereby 
breaking all of these symmetries. This spin-orbit coupling is 
directly observed as a splitting of the four-fold degeneracy of a 
single electron in ultra-clean quantum dots, The coupling favours 
parallel alignment of the orbital and spin magnetic moments for 
electrons and antiparallel alignment for holes. Our measurements 
are consistent with recent theories'”"* that predict the existence of 
spin-orbit coupling in curved graphene and describe it as a spin- 
dependent topological phase in nanotubes. Our findings have 
important implications for spin-based applications in carbon- 
based systems, entailing new design principles for the realization 
of quantum bits (qubits) in nanotubes and providing amechanism 
for all-electrical control of spins'* in nanotubes. 

Carbon-based systems are promising candidates for spin-based 
applications such as spin-qubits'*” and spintronics*“™ as they are 
believed to have exceptionally long spin coherence times because of 
weak spin-orbit interactions and the absence of nuclear spin in the 
°C atom, Carbon nanotubes may have a particularly interesting role 
in this context because in addition to spin they offer a unique two- 
fold orbital degree of freedom that can also be used for quantum 
manipulation. The latter arises from the two equivalent dispersion 
cones (K and K’) in graphene, which lead to doubly degenerate 
electronic orbits that encircle the nanotube circumference in a clock- 
wise and anticlockwise fashion” (Fig. 1a). Together, the two-fold 
spin degeneracy and two-fold orbital degeneracy are generally 
assumed to yield a four-fold-degenerate electronic energy spectrum 
in clean nanotubes. Understanding the fundamental symmetries of 
this spectrum is at the heart of successful manipulation of these 
quantum degrees of freedom. 

‘A powerful way to probe the symmetries is by confining the car- 
riers to a quantum dot and applying a magnetic field By parallel to the 
tube axis**!°%*%, The confinement creates bound states and the 
field interrogates their nature by coupling independently to their spin 
and orbital moments. In the absence of spin-orbit coupling, such a 
measurement should yield for a defect-free nanotube the energy 
spectrum shown in Fig. 1b. At By = 0 the nanotube spectrum should 
be four-fold degenerate. With increasing By the spectrum splits into 
pairs of anticlockwise and dockwise states (going down and up in 
energy respectively), each pair having a smaller internal spin splitting, 


Indications of approximate four-fold degeneracy have been observed 
in high-field measurements of electron addition spectra*'? and 
inelastic cotunnelling*” in nanotube quantum dots. However, in 
previous experiments disorder-induced splitting of the orbital 
degeneracy and electron—electron interactions in multi-electron 
quantum dots have masked the intrinsic symmetries at low energies. 

In this work we directly measure the intrinsic electronic spectrum 
by studying a single charge carrier, an electron or a hole, in an ultra- 
clean carbon nanotube quantum dot. Remarkably, we find that the 
expected four-fold symmetry and electron-hole symmetry are bro- 
ken by spin-orbit coupling, demonstrating that the spin and orbital 
motion in nanotubes are not independent degrees of freedom. The 
observed spin-orbit coupling further determines the filling order in 
the many-electron ground states, giving states quite different from 
models based purely on electron-electron interactions. 

The geometry of our devices is shown in Fig. Ic. A single small- 
bandgap nanotube is contacted by source and drain electrodes, and is 
gated from below by two gates (see Methods). When biased, these 
gates shift the local Fermi energy in the nanotube, thereby accumulat- 
ing electrons or holes. In this work we use two independent gates to 
create a quantum dot that is localized above either the left or the right 
gate electrode. This is achieved by choosing appropriate combina- 
tions of gate voltages that pin the Fermi energy inside the gap on one 
side of the device while adding carriers to the other side (Fig. Ic). 
Measurement of the linear conductance, G = dI/dV.g, through such a 
dot (Fig. 1e) shows Coulomb blockade peaks that correspond to the 
addition of individual carriers to the dot, and allows us to identify 
the first electron and first hole in the dot (see Supplementary Infor- 
mation for details). Having a single carrier in the dot enables us to 
study single-particle levels in the absence of electron-electron inter- 
actions, and thus to identify unambiguously the presence of spin— 
orbit coupling. The results reported here were observed in two 
independent devices and below we present data from one of them. 

We probe the quantum states of the nanotube using tunnelling 
spectroscopy. The differential conductance through the dot, G= 
di/dV,a, is measured as a function of gate voltage, Vp and source 
drain bias, Vig, as the first electron is added to the dot. Figure 2a 
shows a typical measurement taken at By = 300mT. The transition 
between the Coulomb blockade regions of zero and one electron 
features distinct resonances that correspond to the ground state («) 
as well as the excited states (f, y, 5) of the first electron. Their energies 
can be obtained from a line cut at constant V,, (Fig. 2b), by convert- 
ing the gate voltages into energies (see Methods). 

The magnetic field dependence of the one-electron states a, B, 
and 6 is measured by taking V, traces such as in Fig. 2b for different 
values of By. This is shown in Fig. 2c, where we plot dI/dV,q as a 
function of V; and By. The energies of the states «and decrease with 
increasing By, so we identify them as anticlockwise orbital states. The 
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states 7 and 5 increase in energy with increasing By and are thus 
identified as dockwise orbital states. From the slopes of these reso- 
nances with respect to magnetic field we extract an orbital moment of 
Ho = 155meVT~' and estimate the nanotube diameter to be 
d=5nm (ref, 24). 

A striking difference is observed when we compare the measured 
excitation spectrum with that predicted in Fig. Ib: at zero magnetic 
field the four statesin our measurement are not degenerate but rather 
split into two pairs. To identify the nature of this splitting we note 
that with increasing magnetic field the energy difference between the 
states @ and f increases while the difference between states y and 6 
decreases, and both differences are consistent with a g-factor of an 
electron spin (Fig. 24). This observation allows us to identify unam- 
biguously the spin and orbital composition of each energy level, as 
shown in the inset of Fig. 2c. At By = 0 the four-fold degeneracy is 
split into two Kramer doublets—the lower-energy doublet involves 
states with parallel alignment of orbital and spin magnetic moments, 
whereas the higher-energy doublet has states with antiparallel align- 
ment. The zero-field splitting is therefore identified as a spin-orbit 
splitting, with a value of Ago = 0.37 + 0.02 meV (extracted from 
Fig. 2d). 

At low fields (Fig. 2e) the intersections of states with opposite spin 
directions (for example, « and y) show simple crossing, whereas states 
with parallel spin (for example, f and y) show avoided crossing, a 
signature of disorder-induced mixing between anticlockwise and 
clockwise orbits (4xx’). In previous experiments, the disorder- 
induced mixing was significantly larger, presumably obscuring the 
effects of spin-orbit coupling. In our measurements, the mixing is 
small, Axx ~ 65 eV < Ago, probably owing to smooth electronic 
confinement, allowing the observation of spin-orbit effects. We fur- 
ther demonstrate the intrinsic nature of the effect by measuring 
identical excitation spectra for quantum dots formed at different 
locations along the same nanotube (Supplementary Fig. 1). 

Next, we show that spin-orbit coupling significantly affects the 
many-body ground states of multiple electrons in a quantum dot. 


LETTERS 


Figure 3a shows the magnetic field dependence of the addition ener- 
gies for the N-electron ground states (N= —2 to +4), obtained by 
measuring the linear conductance as a function of Vz and By, Near 
zero magnetic field the sign of dV,/4By changes every time an elec- 
tron is added (or removed), indicating that anticlockwise and clock- 
wise states are filled alternately. Similar addition sequences were 
explained in the past by repulsive electron-electron interactions 
driving electrons to occupy different orbits*7°?° (Fig. 3b). 
However, in our nanotubes the underlying mechanism is entirely 
different. Comparing the one-electron excitation spectrum with 
the two-electron ground state (Fig. 3c), we see that the latter follows 
exactly the first excited state of the one-electron quantum dot. 
Specifically, both start with a clockwise slope at low fields and flip 
to an anticlockwise slope at the field associated with the spin-orbit 
splitting, Bj~125mT. Thus the two-electron ground state is 
explained entirely by spin-orbit coupling (Fig. 3d). Note that below 
By ~ 125 mT spin-orbit coupling favours cach of the two electrons to 
possess parallel orbital and spin moments, forcing them into two 
different orbital states. Therefore, the two-electron ground state is 
neither the spin-triplet state predicted by the electron-interaction- 
based models nor a spin singlet, but rather a Slater determinant of 
two single-electron states each of which has parallel orbital and spin 
magnetic moments. 

Spin-orbit effects are commonly assumed to be negligible in 
carbon-based systems because ofthe weak atomic spin—orbit splitting 
in carbon (Age= E(’Ps2) — E(Py/2) * 8meV) (ref. 27) and its 
almost perfect suppression in flat graphene’. But recent theories 
have argued that spin-orbit coupling can nevertheless be significant 
in carbon nanotubes owing to their curvature and cylindrical topo- 
logy". The predicted effect is illustrated in Fig. 4a. Consider an 
electron with a spin moment pointing along the nanotube axis and 
orbiting around the nanotube circumference. The electron occupies 
the p, orbitals of the carbon atoms, which are pointing perpendicular 
to the nanotube surface. In the rest frame of the electron the under- 
lying p. orbital revolves around the spin exactly once every rotation, 


Figure 1| Few-electron carbon nanotube quantum dot devices. a, Electrons 
confined in a nanotube segment have quantized energy levels, each four-fold 
degenerate in the absence of spin-orbit coupling and defect scattering, The 
purple arrow at the left (right) illustrates the current and magnetic moment 
arising from clockwise (anticlockwise) orbital motion around the nanotube. 
The green arrows indicate positive moments due to spin. b, Expected energy 
splitting for a defect-free nanotube in a magnetic field By parallel to the 
nanotube axis in the absence of spin-orbit coupling: At By = OTT, all four 
states are degenerate, With increasing By each state shifts according to its 
orbital and spin magnetic moments, as indicated by purple and green arrows 
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respectively. c, Device schematic. A single nanotube makes contact to source 
and drain electrodes, separated by 500.nm, and is gated from below by two 
gate electrodes. The two gate voltages (Vy, Viz) are used to create a quantum 
dot localized abovethe right or left gate electrodes. The energy band diagram 
is shown for the first case. d, Scanning electron micrograph of the device, 
taken before nanotube growth to avoid damage to the nanotube. e, The 
measured linear conductance, G = di/dV,q, as function of gate voltage, Vip 
for a dot localized above the right gate (5) = 6T, temperature T= 30mK). 
‘The number of electrons or holes in the dot is indicated. The conductance of 
the top two peaks is scaled by 1/10. 
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independent of the details of the electron trajectory. In the presence 
of atomic spin-orbit coupling a constant phase accumulates during, 
each rotation, which can therefore be described by a spin-dependent 
topological flux, S)}$so, passing through the nanotube cross-section 
(5 = +1/=1 for spin moment parallel/antiparallel to the nanotube 
axis), This flux modifies the quantization condition of the wave- 
function around the circumference: 


kndk,nd—2n 8) 6s0/$o () 


where k, isthe electron’s wave vector in the circumferential direction 
asmeasured from the Kand K’ points, dis the tube diameter and ¢y is 


Va (mv) 


2 
& 


2 
B 


Ago= 0.37 meV| 


EA) - Ele) (mev) 


° 
& 


050 05 115 2 
By 1) 


Figure 2 | Excited-state spectroscopy of a single electron in a nanotube 
dot. a, Differential conductance, G = di/dV,y, measured as function of gate 
voltage, V,, and source-drain bias, V,,, at By = 300mT, displaying 
transitions from zero to one electron in the dot. b, A line cutat 

V,q= —1.9 mV reveals four energy levels a, f,y and das well as another peak 
w corresponding to the edge of the one-electron Coulomb diamond. 

¢, G= di/dV,q as a function of V, and 5) at a constant bias V,g= —2mV. 
The resonances 2, fi), Sand ware indicated. The energy scale on the right is 
determined by scaling AV, with the conversion factor = 0.57 extracted 
from the slopes in a. Inset: orbital and spin magnetic moments assigned to 
the observed states. d, Extracted energy splitting between the states « and B 
asa function of Bj (dots). The linear fit (red line) gives a Zeeman splitting 
with g= 2.14 0.1, and a zero-field splitting of Ago = 0.37 + 0.02 meV 
(error bars, | s.d.). e, Magnified view of panel c showing the zero-field 
splitting due to spin-orbit interaction (dso) as well as finite-field 
anticrossing due to K-K’ mixing (Axg-). Dashed lines show the calculated 
spectrum using dxq’ = 65 pieV. 
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the flux quantum. According to the theory in ref. 12 the flux is given 
by 


to= ( ore) Ae @) 


T2éxe re, 
where én, is the energy splitting of the mando bands in graphene and 

VE are the hopping elements within these bands. This flux does 
not depend on the geometrical properties of the nanotube such as its 
diameter or the shape of its cross-section, signifying its topological 
origin. 

Figure 4b illustrates the consequences of the modified quantiza- 
tion conditions for a small-bandgap tube at By = 0. Near each Dirac 
cone (Kand K’) there are two quantization lines for the two spin 
directions (dashed lines). Combining equation (1) with the linear 
dispersion, and including the Aharonov-Bohm flux induced by Bj, 
p= Bynd’/4, and the Zeeman spin coupling, the energies are 


B= thoey/R+K Sigs Bp. ky at ee +5782 @) 


Here yp is the Fermi velocity, kj is the wave vector parallel to the 
nanotube axis and k = + Egap/2fivg accounts for thesmall bandgap, 
Eyaps at Zero magnetic field (the opposite signs are for the K’ and K 
points). The resulting energy spectrum is schematically shown in 


b Exchange 


Ground state 


Excitations 


Figure 3 | The many-electron ground states and their explanation by spin- 
orbit interaction. a, G = di/dV, measured as a function of gate voltage, Vip 
and magnetic field, Bj, showing Coulomb blockade peaks (carrier addition 
spectra) for the first four electrons and the first two holes (data are offset in V, 
for darity). b, Incorrect interpretation of the addition spectrum shown in 

a using a model with exchange interactions between electrons. Dashed/solid 
lines represent addition of down/up spin moments. The two-electron ground 
state at Low fields, indicated at the left, is a spin triplet. c, Comparison of the 
measured two-electron addition energy froma with the one-electron excitation 
spectrum from Fig, 2e. d, Schematic explanation of the data in a using 
electronicstates with spin-orbit coupling: The two-electron ground state at low 
fields, indicated on the left, is neither a spin-singlet nora spin-triplet state. 
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Fig. 4c, andis inagreement with ourmeasurements, From equation (3) 


Th (assuming 
ky = 0) is inversely proportional to d. Using the estimated diameter of 
our nanotube, d~ 5nm, and the measured splitting (Fig. 2d) we 
obtain the value dso + 1.9/dmeV nm“ |, in agreement with the pre- 
dicted" value of Aso ~ 1.6/d meV nm'— 

An interesting prediction of the theory®""* is the breaking of 
electron-hole symmetry. In the absence of spin-orbit interactions 
the low-energy spectrum of a nanotube shows electron-hole sym- 
metry such that each allowed state has a matching state with opposite 
energy; that is, the spectrum is symmetric on reflection about the line 
E=0. Inthe presence of spin-orbit interactions and an applied mag- 
netic field, equation (3) predicts that this symmetry is broken, as is 
evident from the absence of mirror symmetry around E=0 in the 
spectrum in Fig. 4c. For $s > 0, the theory predicts that in the one- 
electron ground state the orbital and spin magnetic moments are 
parallel, whereas in the one-hole ground state they are antiparallel. 
This result allows us to test the breaking of electron-hole symmetry 
experimentally. 

‘The measured excitation spectra for the first hole in the quantum 
dot (Fig. 4d) clearly shows a spin-orbit splitting at By = 0, and a spin 
g-factor equal to that of the one-electron quantum dot (Fig. 4e). 


we see that the spin-orbit energy splitting 4so = 
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However, in contrast to the one-electron case, here the ground state 
(a) and the first excited state () converge with increasing Bj, imply- 
ing that the orbital and spin moments are aligned antiparallel in the 
one-hole groundstate, opposite to the one-electron case. This obser- 
vation qualitatively confirms the scheme in Fig. 4c. We note, how- 
ever, that the spin-orbit splitting observed for the hole (dso = 
0.21 £0.01 meV) is somewhat smaller than that of the electron, a 
difference that is not accounted for by current theory. This might 
result from different confinement lengths (different ky in equation 
(3)) ordifferent electric fields (that is, different |V,|) for electrons and 
holes, but current theories predict an effect that is too small to explain 
this observation. 

‘The existence of spin-orbit coupling in carbon nanotubes invali- 
dates several common assumptions about the nature of the electronic 
states in this system, such as four-fold degeneracy and electron-hole 
symmetry, and further leads to the existence of entangled spin and 
orbital multi-electron ground states. Currently, carbon-based sys- 
tems are considered to be excellent candidates for spin-based appli- 
cations, in part because of the belief that they have weak spin-orbit 
interactions. Here we have shown that this hypothesis is wrong for 
nanotubes. Nevertheless, rather than excluding spin-based devices in 
nanotubes, our findings may actually promote their feasibility, as 
long as new design principles are adopted for qubits and spintronic 


te 


Vg (nv) 


Figure 4 | Theoretical model for spin-orbit interaction in nanotubes and 
the energy level spectroscopy of a single hole. a, Schematic of an electron 
with spin parallel to the nanotube axis revolving around the nanotube 
circumference. The carbon p, orbitals (red) are perpendicular to the surface. 
Tn the rest frame of the electron, the p, orbital rotates around the spin. 

b, Allowed electron and hole energies (red dots and blue circles) at By = 0 for 
a small-bandgap nanotube with spin-orbit interaction. The states are 
derived by cutting the Dirac cones (K and K’) with spin-dependent 
‘quantization lines (dashed lines). The allowed k,, -vectors differ for up and 
down electron spin moments. ¢, Calculated energy levels for an electron (red 


> By 


E() - Ela) (mev) 


lines) and a hole (blue lines) asa function of By. The four distinct slopes arise 
from the orbital and spin Zeeman shifts. d, G = di/dV,a as a function of Vg 
and Bj ata constant bias Vag = —2 mV. The resonances labelled 9, B,), 5and 
warise from tunnelling of holes onto the dot and therefore the energy scale 
runs in the opposite direction to V,. The ground state (x) and first excited 
state (A) cross at By = 1.57. e, Extracted energy splitting between thestates 
and f as a function of By (dots). The linear fit (blue line) gives a Zeeman 
splitting with g= 2,14 0.1, and a zero-field splitting of 

Ago = 0.21 © 0.01 meV (error bars, 1 s.4.). f, Magnified view of the level 
crossings in d and a model calculation using 4x: =0.1 meV (dashed lines). 
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devices, which make use of the strong spin-orbit coupling. This 
coupling can provide a valuable capability that has so far been miss- 
ing from carbon systems: the ability to use electrical gates to mani- 
pulate the spin degree of freedom, through its coupling to the orbital 
electronic wavefunction". 


METHODS SUMMARY 


We fabricated devices from degenerately doped silicon-on-insulator wafers, with 
a 1.5-m-thick device layer on top of a 2-m buried oxide, Two electrically 
isolated gate electrodes (Fig. Id) were patterned from the device layer using 
dry etching and thermal oxidation (thickness 100. nm). Gate contacts (2/50. am 
Ti/Pt), source and drain electrodes (5/25 nm Cr/Pt) and catalyst pads were 
pattemed using electron-beam lithography. Nanotubes were grown after com- 
pleting all patterning to produce clean devices‘. We made measurements in a 
*He/‘He dilution refrigerator at base temperature ("= 30mK), using standard 
lock-in techniques with small excitations (typically 4-10 uV). The electron tem- 
perature extracted from Coulomb peak widths was 100-200mK, The conversion 
from gate voltage to energy is obtained from the bias dependence of the tunnel- 
ling resonances, such as in Fig. 2a, and is = 0.57 for the first electron (Fig. 2) 
and a= 0.58 for the first hole (Fig. 4). 
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Proline-catalysed Mannich 


Jung Woon Yang!, Carley Chandler!, Michael Stadler, D 


Small organicmolecules recently emerged as a third class of broadly 
useful asymmetric catalysts that direct reactions to yield predomi- 
nantly one chiral product, complementing enzymes and metal 
complexes’. For instance, the amino acid proline and its derivatives 
are useful for the catalytic activation of carbonyl compounds via 
nucleophilic enamine intermediates. Several important carbon- 
carbon bond-forming reactions, including the Mannich reaction, 
have been developed using this approach?, all of which are useful 
for making chiral, biologically relevant compounds. Remarkably, 
despite attempts™, the simplest of all nucleophiles, acetaldehyde, 
could not be used in this way. Here we show that acetaldehyde is a 
powerful nucleophile in asymmetric, proline-catalysed Mannich 
reactions with N-tert-butoxycarbonyl (N-Boc)-imines, yielding 
B-amino aldehydes with extremely high enantioselectivities— 
desirable products as drug intermediates and in the synthesis of 
other biologically active molecules. Although acetaldehyde has 
been used as a nucleophile in reactions with biological catalysts 
such as aldolases® and thiamine-dependent enzymes’, and has also 
been employed indirectly””, its use asan inexpensive and versatile 
two-carbon nucleophile in asymmetric, small-molecule catalysis 
will find many practical applications. 

Discovered in 2000 (ref. 10), the proline-catalysed Mannich reac- 
tion has evolved into a broadly useful transformation that has been 
applied to the synthesis of natural products, pharmaceuticals, and 
several classes of chiral amino acids’. Very recently, N-Boc-imines 
have been introduced to the proline-catalysed Mannich reaction’, 
significantly widening the already large substrate scope and utility of 
this process. We found that several o-unbranched aldehydes react 
with aromatic N-Boc-imines to furnish crystalline o,B-branched 
B-amino aldehydes in excellent syn-diastereoselectivities and 
enantioselectivities'*. However, acetaldehyde, which would be a 


-Boc (S)-proline Boo. 
(20 mol.%) 
+ ASST cs CHO 
H Ay CH,CN, 0°C a 
2 23h 3 


reactions of acetaldehyde 


aniela Kampen! & Benjamin List! 


particularly useful nucleophile in this reaction, could not be used 
under our original conditions, The resulting amino aldehyde pro- 
ducts of such reactions are highly attractive precursors of chiral 
B’-amino acids, recently pioneered by Gellman ef al.!3 and Seebach 
etal.'*in investigations of B-peptides and pharmaceuticals. 

There are several problems associated with the potential use of 
acetaldehyde in proline-catalysed Mannich reactions (and in enam- 
ine catalysis in general). First, acetaldehyde rapidly reacts with itself 
via aldol condensation, forming coloured oligomers and polymers 
if treated with proline. Additionally, hypothetical acetaldehyde 
Mannich products, themselves c-unbranched aldehydes, may 
undergo further reaction with an additional imine equivalent or 
eliminate to form the corresponding unsaturated aldehydes. 

We have now found that these potential side reactions can be 
suppressed if a higher excess of acetaldehyde (5-10 equivalents) is 
used. Treating a variety of N-Boc-imines with acetaldehyde in the 
presence of (S)-proline (20 mol.%) in acetonitrile at 0°C gave the 
desired B-amino aldehydes in extremely high enantioselectivities and 
reasonable yields (Fig. 1). 

The reactions of acetaldehyde with aromatic imines give products 
3a to 3e in 40-58% yield and in a minimum of 98:2 enantiomeric 
ratio. Fural-derived imine 1f provided the Mannich product in 
moderate yield but maintained excellent enantioselectivity. Most 
remarkably, we found that even imines derived from aliphatic alde- 
hydes, which so far had not found use in any cross-Mannich reaction 
of aldehydes, could be utilised. Isovaleraldehyde N-Boc-imine 1g 
reacted with acetaldehyde to give the corresponding product 3g in 
good yield (55%) and essentially perfect enantioselectivity (>99:1 
enantiomeric ratio). Moreover, the highly reactive and unstable 
imine derived from propionaldehyde 1h could be used. Again, extre- 
mdly high enantioselectivity was achieved although the yield is only 


Figure 1| Highly enantioselective proline- 
catalysed Mannich reactions of acetaldehyde 
with N-Boc-imines. Superscript ‘a’ refers to the 
reaction being conducted at room temperature. 
Superscript ‘b’ refers to in situreduction (NaBHy, 
MeOH) to the corresponding alcohol. Yield (in 


Boe., i aes : 
Boo. 4 Boo. 44 Boo. 44 NH %) and enantiomeric ratio were then determined. 
ai oh al re ne 
ga CO ab 30 FC a8 
54%, >99:1 40%, >99:1 58%, 98:2 42%, 99:1 
enantiomeric ratio enantiomeric ratio enantiomeric ratio. -—_ enantiomeric ratio 
Boo. 
NH Boca Boe. Boe 
ON CHO cHo 
ie er CHO AL cHo 
Sen ° ot ag 3h 
42%, >09:1 30%, 09:1 55%, >00:1 23%, 09:1 
enantiomeric ratio fnantiomeric ratio enantiomeric ratio enantiomeric ratio 


*May-Planck-Institut flr Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Milheim an der Ruhr, Germany, 


LETTERS 


NMe, 


8 = 
90%, 9B5:1.5 
enantiomeric ratio 
(S)-dapoxetine 
| Ph,P7"CO,Et 
Ref. 18 
BOC ni Boon () NaBH, 
oe NaBH, CHO (KOR 
Ho = ( x we 
5 3a 


87%, >99:1 
enantiomeric ratio py, 


iperidine 
ne 
Boo.) 
oa 

on 


86%, >99:1 

enantiomeric ratio 
95%, >00:1 
enantiomeric ratio 


moderate in this challenging case. These are the first examples (to 
our knowledge) of proline-catalysed cross-Mannich reactions with 
aliphatic unbranched imine acceptors. 

To illustrate the value of our highly enantioselective acetaldehyde 
Mannich reaction, several useful transformations of product 3a have 
been devised (Fig. 2). For example, oxidation of the aminoaldehyde 
with sodium chlorite provided the corresponding N-Boc-amino add 
4 in high yield (95%) without loss of enantiopurity®. °-Amino acids 
such as 4 are commonly used in the preparation of B-peptides and 
our methodology complements Gellman’s elegant organocatalytic 
approach to the isomeric B*-amino acids'*. Reduction of aldehyde 
3a to the corresponding alcohol (5) was also achieved. Alcohol 5 is a 
known intermediate in the synthesis of the selective serotonin re- 
uptake inhibitor ($)-dapoxetine (created by Ely Lilly)!™"*, In situ 
cyclisation of alcohol 5 to the corresponding oxazinone 6 was 
accomplished in high yield and the absolute configuration was 
determined to be (S) by comparison with the optical rotation 
((c¢]p) of the known (R)-enantiomer””, Reductive amination of alde- 
hyde 3a to piperidine derivative 7 is also facile. A similar reductive 
amination of aldehyde 3a was used in the synthesis of UK-427,857 
(developed and marketed as Selzentry by Pfizer), a recently approved 
CCR3 inhibitor for the treatment of AIDS". Wittig reaction of 
compound 3a gave 6-amino-o,f-unsaturated ester 8, an intermedi- 
ate in the synthesis of 2-phenylpiperidine (9) (ref. 22). 2-Substituted 
piperidine alkaloids are found extensively throughout nature and 
demonstrate a wide range of biological activities”. 

‘Thus we have developed a proline-catalysed Mannich reaction of 
acetaldehyde with N-Boc-imines. The reaction is exceptionally enan- 
tioselective and the products are of high value for multiple synthetic 
applications. We are continuing to explore the enormous potential of 
acetaldehyde as a nucleophile in organic synthesis, including appli- 
cations in organocatalytic Michael and aldol reactions. The results of 
these investigations will be reported elsewhere. 


METHODS SUMMARY 

Mannich reaction of acetaldehyde with aryl N-Boc-imines, A 0.74M stock 
solution of acetaldehyde (9.5 ml, 7 mmol), prepared by adding 0.63 ml of redis- 
tilled acetaldehyde to 1437 ml of CH3CN, was transferred via syringe into a vial 
containing the aryl N-Boc-imine (1.4mmol) at 0°C, (S)-Proline (32.2 mg, 
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Figure 2 | Utility of Mannich product 3a in the 
highly enantioselective synthesis of natural 
products, pharmaceuticals, B?-amino acids, and 
other building blocks. KO'-Bu, potassium tert- 
butoxide. 


82%, >99:1 
enantiomeric ratio 
[e]p-58.8 

[a}p+58.5 [A}-8} ref. 19 


0.28mmol) was added to the solution and the resulting mixture was stirred 
for 2-3h at 0°C. The reaction was quenched with water and the mixture was 
extracted with diethylether (50ml X 3), The organic layer was washed with 
bring, dried over NaxSOq, filtered and the solvent was removed under vacuum. 
‘The pure product was isolated by silica gel column chromatography (10-20% 
ethyl acetate in hexane). 

‘Mannich reaction of acetaldehyde with alkyl N-Boc-imines. A solution of the 
freshly prepared alkyl N-Boc-imine (derived from 0.5 mmol of the correspond- 
ing phenylsulphonyl alkylamine precarsor)* was immediately dissolved in 
CH3CN (4ml) and cooled to —10°C. Redistilled acetaldehyde (300 yl, 
5.3mmol) was added and the mixture was transferred to an addition funnel 
equipped with a cooling system set at -10°C. In a separate round-bottomed 
flask a solution of ($)-proline (11.5mg, 0.1 mmol) in CHsCN (4 ml) was cooled 
to 0°C. The above mixture was added to the catalyst solution over 2h (the 
addition funnel was rinsed with 1ml CH3CN into the reaction flask) and 
stirred an additional 30 min at 0°C affer complete addition. The reaction was 
poured into a separation funnel containing HzO (30 ml) and extracted with 
CH,Ch (25 ml X 3). The combined organic fractions were dried over Na;SOg, 
filtered and the solvent was removed under vacuum, Purification by silica gel 
column chromatography (10% ethyl acetate in hexane) gave the corresponding 
product, 
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Tracing the stepwise oxygenation of the Proterozoic 


ocean 


C. Scott’, T. W. Lyons’, A. Bekker’, Y. Shen’, S. W. Poulton’, X. Chu’ & A. D. Anbar®” 


Biogeochemical signatures preserved in ancient sedimentary rocks 
provide clues to the nature and timing of the oxygenation of the 
Earth's atmosphere. Geochemical data’ suggest that oxygenation 
proceeded in two broad steps near the beginning and end of the 
Proterozoic eon (2,500 to 542 million years ago). The oxidation 
state of the Proterozoic ocean between these two steps and the 
timing of deep-ocean oxygenation have important implications 
for the evolutionary course of life on Earth but remain poorly 
known. Here we present a new perspective on ocean oxygenation 
based on the authigenic accumulation of the redox-sensitive 
transition element molybdenum in sulphidic black shales. 
Accumulation of authigenic molybdenum from sea water is 
already seen in shales by 2,650 Myr ago; however, the small mag- 
nitudes of these enrichments reflect weak or transient’ sources of 
dissolved molybdenum before about 2,200 Myr ago, consistent 
with minimal oxidative weathering of the continents. Enrich- 
ments indicative of persistent and vigorous oxidative weathering 
appear in shales deposited at roughly 2,150 Myr ago, more than 
200 million years after the initial rise in atmospheric oxygen'*. 
Subsequent expansion of sulphidic conditions after about 
1,800 Myr ago (refs 8, 9) maintained a mid-Proterozoic mo- 
lybdenum reservoir below 20 per cent of the modern inventory, 
which in turn may have acted as a nutrient feedback limiting the 
spatiotemporal distribution of euxinic (sulphidic) bottom waters 
and perhaps the evolutionary and ecological expansion of eukar- 
yotic organisms”, By 551 Myr ago, molybdenum contents reflect a 
greatly expanded oceanic reservoir due to oxygenation of the deep 
ocean and corresponding decrease in sulphidic conditions in the 
sediments and water column. 

Numerous geochemical proxies converge on a significant and uni- 
directional oxygenation of the Earth’s atmosphere at about 2,400 
Myr ago (refs 1-4), but the response of the ocean to this event is 
not well constrained. Early workers invoked deep-ocean oxygenation 
and titration of dissolved iron to explain the disappearance of banded 
iron formations after about 1,800 Myr ago (ref. 11), but Canfield* 
proposed instead the expansion of sulphidic environments and 
removal of iron sulphides in response to greater oxidative continental 
weathering and delivery of sulphur to the ocean. This proposal, 
which invokes an oxidized surface ocean and a sulphidic deep ocean, 
finds support in C-S-Fe systematics”"°, molybdenum isotope rela 
tionships'* and biomarker studies'* from Proterozoic sedimentary 
rocks, However, the nature and extent of these sulphidic environ- 
ments is unclear. Canfield® envisaged a widely euxinic deep ocean 
where sulphide accumulated in the water column, but the deep ocean 
may have been dominated by less reducing conditions’ where 
sulphide was confined to pore waters beneath a low-oxygen water 


column, Regardless, sequestration of trace metals” in association 
with the extension of sulphidic environments has biological implica- 
tions", as many redox-sensitive transition metals are important 
micronutrients (for example, Fe and Mo). 

‘The strength ofmolybdenum as a tracer of the Earth’s oxygenation 
results from its uniquely bimodal geochemical characteristics. The 
primary source of dissolved molybdenum in the modern ocean is 
riverine delivery of molybdate (MoO,*- ) liberated during oxidative 
weathering of continental crust containing on average 1 to 2 p.p.m. 
molybdenum'*"”, Molybdate, however, is highly conservative with an 
average present-day seawater concentration of ~100nM—greater 
than any other transition element—and an oceanic residence time 
of ~700,000 yr (see Supplementary Information for a discussion of 
the modern oceanic Mo budget). The only significant sink for molyb- 
date in well-oxygenated environments is by co-precipitation and 
burial with Mn-oxyhydroxides", a slowly occurring process. 
Although oxygenated environments cover most of the sea floor 
today, removal of molybdate in association with Mn-oxyhydroxides 
accounts for only 35% of the annual riverine flux (see Supplementary 
Information). 

Today, the remainder of the riverine flux is removed in spatially 
limited sulphidic settings'® where molybdate is converted to particle- 
reactive thiomolybdates (MoO,Ss-,°)*” and Mo removal by 
organic matter and other reduced substrates outpaces that of 
oxygenated environments by a factor of 200 to 5,000 (see 
Supplementary Information). The low end of this range represents 
non-euxinic sites where hydrogen sulphide is restricted to the sedi- 
ments, and Mo enrichment is dependent on diffusion of MoO.’~ 
into pore waters where conversion to thiomolybdates occurs. At 
the upper end of this range are euxinic basins where sulphide and 
the highly reactive tetrathiomolybdate ion (MoS,2-) are present in 
the water column. 

Persistent euxinia is the extreme endmember of sulphidic condi- 
tions, and although euxinic shales are common in the rock record, 
few examples of euxinic basins exist today, with the Black Sea and 
Cariaco Basin (Venezuela) being the two largest examples***, Where 
dissolved Mo is readily available, as in the Cariaco Basin, sediment 
Mo concentrations (upto 184 p.p.m.; ref. 22) exceed average contin- 
ental crust by two orders of magnitude, and elevated ratios of Mo to 
total organic carbon (average Mo/TOC ratio 26 p.p.m. Mo per wt% 
C) develop’’™. Where Mo is exhausted in the water column, as in the 
highly restricted Black Sea (5M Mo below the chemocline)*, the 
magnitude of enrichment and Mo/TOC ratios (average 28 p.p.m. 
and 4.5 ppm. per wt%, respectively) drop correspondingly”. 
These characteristics of Black Sea sediments—that is, Mo concen- 
trations and Mo/TOC ratios that are depressed relative to most 
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Phanerozoic euxinic shales and sediments (Figs 1 and 2)—provide an 
analogue for Mo-deficient ancient oceans”, 

From this perspective, the magnitudes of Mo enrichments and 
Mo/TOC in euxinic black shales reflect the size of the oceanic Mo 
reservoir as determined by the weathering flux and the relative 
influence of the sulphidic and oxic sinks. In the modern ocean, 
sulphide-rich pore waters and bottom waters represent <2% of the 
sea floor yet account for 65% of Mo removal (see Supplementary 
Information). It follows that the expansion of sulphidic environ- 
ments in the past would have depressed the concentration of dis- 
solved Mo in the ocean until, as in the Black Sea, the magnitude of 
euxinic enrichment was affected, 

To constrain deep-ocean redox state in the early ocean we have 
measured Mo concentrations ((Mo]) and TOC and generated 
Mo/TOC ratios (Figs 1 and 2) for a diverse sample set of 
Precambrian black shales (=2,700 Myr) and assembled them with 
published data from Precambrian and Phanerozoic black shales (see 
Supplementary Information). For interpretation of the size of the 
oceanic Mo reservoir we focus on units shown independently to 
reflect the euxinic endmember based on proxies such as the degree 
of pyritization (DOP) and/or ratios of highly reactive to total Fe 
(Feye/Fer) and total iron to aluminium**. The motivation for this 
filter is the exclusion of non-euxinic black shales where the mag- 
nitude of Mo enrichment does not necessarily reflect the size of the 
oceanic reservoir. 

From our record of [Mo] and Mo/TOC wedelineate three stages of 
Mo cycling (Figs 1 and 2) based on marked shifts in the magnitudes of 
enrichment and Mo/TOC. During stage 1, [Mo] and Mo/TOC are 
typically variable but low, requiring only small amounts of dissolved 
Mo in the ocean. A prominent enrichment of Mo is recorded in the 
2,500-Myr Mount McRae shale’, but Mo/TOC rises to only 
~3p.p.m. per wt% during this event, relative to a background of 
~15p.p.m. per wt%, suggesting that dissolved Mo concentrations 
remained well below those of the modem deep Black Sea. Such 
enrichments may reflect mild oxidative weathering of continental 
materials during the Archaean eon, including transient events of 
slightly dlevated O, in the surface ocean and atmosphere, consistent 
with evidence for the presence of oxygenic photosynthesis by 
2,700 Myr ago”. Anbar et al.” proposed recently that continental 
pyrite and molybdenite could have been oxidized even at the very 
low partial pressure of oxygen (pO2) suggested for the atmosphere at 
thistime (less than 10° of the present level) on the basis of temporal 
distributions of non-mass-dependent sulphur isotope fractiona- 
tions”. Other possibilities include submarine oxidative weathering 
in shallow photosynthetic hotspots or ephemeral atmospheric 
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Figure 1| Temporal trends in Mo enrichment in black shales. Black circles 
are euxinic examples; grey diamonds refer to non-eusinic, organic-tich 
shales. The gradient represents the diffuse stage 1-2 boundary as defined in 
the text. The arrow marks the Mount McRae ‘whiff interval’; the dashed area 
is the Great Oxidation Event as defined by the multiple sulphur isotope 
record, Stratigraphic and chronological details are provided in the 
Supplementary Information. 
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oxygenation’, Alternatively, hydrothermal inputs might have sup- 
plied small amounts of dissolved Mo to local sulphidic environ- 
ments. Whether oxidative or hydrothermal, [Mo] and Mo/TOC 
suggest that the sources of Mo during this first stage were weak or 
transient and do not reflect vigorous and sustained oxidative weath- 
ering of continental crust. 

During the second stage of Mo cycling, a persistent oxidative 
source and strong oceanic sinks resulted in a Proterozoic Mo res- 
ervoir intermediate between those of the Archaean and Phanerozoic 
eons. Enrichments of up to 74p.p.m. occur in shales deposited 
between 2,200 and 2,000 Myr ago, coincident with a prominent 
carbon excursion thought to reflect increases in organic carbon 
burial and atmospheric O2 content'*. Coupled burial of Mo and 
organic carbon would act to pull down the oceanic Mo reservoir 
and therefore mute the level of enrichment in individual shales. 
The rise in Mo and Mo/TOC in stage 2 beyond the weaker and 
possibly transitory enrichments seen earlier (Figs 1 and 2) suggests 
a larger compensating riverine flux from increased oxidative weath- 
ering, Hydrogen sulphide required for Mo uptake in the shales would 
also increase with the greater delivery of sulphate to the ocean. The 
gap of ~200 million years between the Great Oxidation Event at 
~2,400 Myr and the first persistent enrichment of Mo in shales is 
intriguing and may track increasing continental sources through 
repeated cycles of black shale deposition, exhumation and weath- 
ering as described by Hannah et al”, The ‘boundary’ between 
stages 1 and 2 is inherently diffuse (Figs 1 and 2) owing to the 
complexity of the ocean’s initial response to atmospheric oxygena- 
tion and poor preservation of the ancient Earth record. However, 
across this transition, [Mo] and Mo/TOC ratios exceed those 
observed before and support our arguments for a fundamental shift 
in ocean-atmosphere redox and associated Mo cycling at that time. 

With [Mo] and Mo/TOC from Black Sea sediments’ as our ana- 
logue for Proterozoic black shales, we estimate that the concentration 
of dissolved Mo remained less than 10-20% of the modern ocean for 
at least 800 Myr following the initiation of intense Mo cycling at 
about 2,200 Myr. Considering arguments for an increase in weath- 
ering of Mo-bearing sulphides on the continents during the 
Proterozoic!' and corresponding increase in riverine Mo flux to 
the ocean, we interpret the suppressed size of the oceanic reservoir as 
reflecting the persistence or even expansion of sulphidic sinks as 
opposed to a decrease in the riverine flux. It is important to stress 
that pervasive euxinia (that is, a sulphidic water column) is not 
required to exhaust the oceanic Mo reservoir. With amodern riverine 
flux, expansion of sulphidic pore waters, commonly found below 
weakly oxygenated bottom waters, to 10% of the sea floor would 
deplete the oceanic reservoir by 90% in ~200,000yr (see Supple- 
mentary Information). This interpretation of the modern Mo budget 
does not preclude a more common occurrence of euxinic conditions 
during the Proterozoic*? but demonstrates that less extreme condi- 
tions are required to explain the Mo record. Indeed, global euxinia 
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Figure 2| Temporal trends in Mo/TOC ratios in euxinic black shales. 
Symbol and boundary descriptions as in Fig. 1. 
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may have been difficult to achieve and sustain owing to the connec- 
tion between Mo availability and the nitrogen cycle”. 

Recent laboratory results demonstrate that below ~5% of present 
oceanic concentrations, Mo limitation begins to depress growth rates 
and rates of nitrogen fixation in cultured cyanobacteria”, These 
results and our estimates for the size of the oceanic reservoir are 
consistent with the hypothesis’® that the drawdown of Mo into sul- 
phidic environments may have worked to restrict the occurrence and 
the evolutionary path of eukaryotes through the bioinorganic bridge 
linking Mo to N bioavailability. A corollary is that this bioinorganic 
bridge would also act as a negative feedback limiting the spatial and 
temporal extent of sulphidic conditions, because organic matter is 
required for the exhaustion of oxygen and other oxidants as well as 
subsequent bacterially mediated reduction of sulphate to sulphide. 
Where productivity is depressed, sulphidic conditions are difficult to 
maintain, 

This feedback mechanism may explain the apparent decline in 
euxinic deposition after 1,400 Myr ago (Figs 1 and 2). Our sample 
set indudes two well-preserved black shales from the Belt Supergroup 
in Montana, USA (~1,500Myr), and the Borden Basin, Canada 
(~1,200 Myr), which represent restricted marine settings” ideally 
suited for the development of a sulphidic water column, However, 
these units are characterized instead by degrees of pyritization (0.2— 
0.4), Mo concentrations (2-12 p-p.m.) and Mo/TOC ratios typical of 
Phanerozoic non-euxinic shales. Although it is important to stress 
that artefacts of preservation and sampling complicate our search for 
euxinic examples, the presence of these well-preserved, non-euxinic 
black shales may be telling us that similar conditions were common 
following 1,400 Myr. Molybdenum-sequestering conditions could 
drive Mo-related nitrogen stress—not only in the absence of euxinic 
conditions, but also to their exclusion. 

In stage 3, extreme Mo enrichments and elevated Mo/TOC typical 
of Phanerozoic black shales reflect a greatly expanded oceanic Mo 
reservoir requiring deep-ocean oxygenation with only limited Mo- 
enriching sulphidic environments. Unlike the more diffuse stage 1-2 
boundary, which reflects a complex source-sink interplay, an abrupt 
step to this final stage of Mo cycling is apparent in the 551-Myr 
Miaohe member of the Doushantuo Formation, south China 
(Figs 1 and 2, and Supplementary Information). Samples from the 
663-Myr Datangpo Formation, also in south China, reveal [Mo] and 
Mo/TOC typical of the earlier Proterozoic ocean, Interpretations of 
the chemistry of the Datangpo Formation are complicated by its 
temporal proximity to the Sturtian glaciation, yet the possibility 
remains that it captures a continuation of stage-2 cycling. If so, the 
Mo recordbrackets the timing of deep-ocean oxygenation to between 
663 and 551 Myr, consistent with recent C-S—Fe studies of Late 
Neoproterozoic successions arguing for deep ocean oxygenated at 
580Myr ago** and subsequent radiation of large, structurally 
complex life forms. Our interpretation of Mo cycling in the Late 
Neoproterozoic suggests that modern redox and nutrient cycles were 
well established by 551 Myr, shortly after the initial oxidation of 
the deep ocean, and that the appearance of the first large animals 
followed not only the oxidation of the deep ocean but also the estab- 
lishment of modern biogeochemical cycles. 


METHODS SUMMARY 


For samples analysed in this study, enxinic deposition is constrained by degree of 
pytitization, defined as (Fepyria/ (Fepyrce + Fetac))- The term Feyjcy means acid- 
soluble iron, present primarily as Fe-oxides and Fe-carbonate, which will react 
readily with free sulphide to form pyrite, We extracted and quantified pyrite 
sulphur in powdered shale amples by chromium reduction and calculated 
Fepyrite stoichiometrically (FeS2). We extracted Feyci with boiling, concentrated 
HCL. The concentration of HCL-soluble Fe is determined spectrophotometri- 
ally. A DOP value of 0.6 is a conservative lower limit for values delineating a 
sulphidic water column, Total organic carbon was determined on an Eltra CS- 
500 infrared carbon/sulphur analyser equipped with acidification and furnace 
modules, Total carbon was determined by combustion, and total inorganic 
carbon was measured by acidification. TOC was calculated by difference. For 
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trace metal analyses, samples were ashed at 850 °C for 24h, and the mass lost on 
ignition was recorded. Ashed splits were dissolved following standard HNOs— 
HCLHEF digestion methods and analysed by quadrupole inductively coupled 
plasma mass spectrometry at approximately 2,000-fold dilution. We used a US 
Geological Survey standard Devonian reference material (SDO-1) as our 
external standard. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Lower-crustal intrusion on the North Atlantic 


continental margin 


R. S. White’, L. K. Smith}, A. W. Roberts’, P. A. F. Christie’, N. J. Kusznir® & the rest of the iSIMM Team? 


When continents break apart, the rifting is sometimes accompan- 
ied by the production of large volumes of molten rock'~. The total 
melt volume, however, is uncertain, because only part of it has 
erupted at the surface. Furthermore, the cause of the magmatism is 
still disputed—specifically, whether or not it is due to increased 
mantle temperatures. We recorded deep-penetration normal- 
incidence and wide-angle seismic profiles across the Faroe and 
Hatton Bank volcanic margins in the northeast Atlantic. Here 
we show that near the Faroe Islands, for every 1km along strike, 
360-400 km? of basalt is extruded, while 540-600 km’ is intruded 
into the continent-ocean transition. We find that lower-crustal 
intrusions are focused mainly into a narrow zone ~50 km wide 
on the transition, although extruded basalts flow more than 
100km from the rift. Seismic profiles show that the melt is 
intruded into the lower crust as sills, which cross-cut the contin- 
ental fabric, rather than as an ‘underplate’ of 100 per cent melt, as 
has often been assumed. Evidence from the measured seismic 
yelocities and from igneous thicknesses are consistent with the 
dominant control on melt production being increased mantle 
temperatures, with no requirement for either significant active 


small-scale mantle convection under the rift or the presence of 
fertile mantle at the time of continental break-up, as has pre- 
viously been suggested for the North Atlantic Ocean**, 

‘The Hatton Bank continental margin in the northeast Atlantic was 
one of the first where high-velocity (>7.2kms_') lower crust was 
identified as being caused by magmatism during continental break- 
up above a mantle thermal anomaly’, High-velocity lower crust is 
now known to be ubiquitous on volcanic continental margins, 
including all those in the northem North Atlantic", Although 
the high-velocity section is commonly referred to as ‘underplated’ 
igneous material, we show from seismic reflection profiles and 
tomographic velocity inversions of wide-angle data that on the 
continent-ocean transition (COT) it actually represents continental 
crust intruded by sills. Failure to recognize the influence of residual 
continental crust on the lower-crustal seismic velocity may be 
responsible for interpretations that infer lower mantle temperatures, 
active small-scale mantle convection and the presence of fertile 
mantle during continental break-up**. 

Wereport results from twoiSIMM (integrated Seismic Imaging and 
Modelling of Margins)'*“* transects that imaged the reflectivity and 
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Figure 1 | Location of seismic profiles across the 
North Atlantic rifted continental 

margins*®""*, The portions of Hatton and 
Faroes profiles highlighted in yellow are shown in 
Fig. 2. 
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velocity structure of the COT. The profiles are 800km apart (Fig. 1), 
but exhibit remarkably similar structures. One profile crosses the 
Hatton margin”", the other crosses the margin near the Faroe 
Islands, close to the centre of the inferred mantle thermal anomaly". 
Both are in similar geological settings, with late Mesozoic failed rifts 
(the Hatton and Faroe—Shetland basins) separated from the new ocean 
basins by continental blocks (Hatton Bank and the Fugloy Ridge). We 
recorded multiple crustal refractions and wide-angle Mohorovitié 
discontinuity (Moho) reflections, from which two-dimensional 
velocity modds were derived by tomographic inversions (Fig. 2a, b). 
A seismic reflection profile along the Faroes line imaged the internal 
structure of both the extrusivebasalt flows and the intruded lower crust 
(Eig. 2c). Post-rift sediments less than 1 km thick (purple and blue in 
Fig. 2), lie above basalt flows with seismic velocities that increase down- 
wards from ~4.5kms_' to ~5.5kms" |, probably owing to a decrease 
in weathering and the closure and infilling of cracks and voids with 
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secondary minerals'’. The basalts reach 7km thick at the COT and 
extend ~100km landward before feathering out in the Faroe- 
Shetland trough"*. The base of the basalt flows on the Faroes margin 
is marked by lower-velocity material (~4.2-4.5 kms‘), presumed to 
consist of hyaloclastites and early Palaeocene sediments intruded by 
sills (Fig. 2b, cand Fig. 3b; see also Supplementary Figs 6 and 7, which 
show examples of the constraints from wide-angle ocean bottom seis- 
mometer (OBS) data used to model the low velocity zone). Over the 
COT, seaward-dipping reflector sequences (SDRS) are imaged well 
(Eig. 2c, and enlargement in Supplementary Fig. 8). Their arcuate 
shape results from crustal stretching and subsidence contempor- 
aneous with basalt extrusion, and though the present dip is seaward, 
the lava was emplaced by landward flow from a subaerial rift”. 
Landward of the COT, flow across the continental hinterland creates 
layered sub-horizontal basalts. 

In the lower crust of the COT, strong sub-horizontal reflections 
interpreted as sills intrude the dipping fabric of the Archaean con- 
tinental crust (Fig. 2c). Ona depth section the continental fabric dips 
over 10° seaward, while the intersecting sills exhibit variable dips 
mostly within +5° of the horizontal, consistent with the variable 
‘saucer’ shapes of sills imaged in sedimentary sections. Synthetic 
seismogram modelling suggests that the reflections probably repre- 
sent complex interference patterns from multiple sills, rather than 
from individual intrusive bodies"*. They are most prominent at mid- 
crustal depths, with the reflectivity decreasing downwards as the 
proportion of intruded material in the crust increases. On the adja- 
cent Faroe-Iceland ridge, with fully igneous crust that is 30-35 km 
thick", little lower-crustal layering is imaged, despite massive melt 
intrusion™. The absence oflayering on the Faroe—Iceland ridgeand in 
the deepest part of the COT crust maybe explained by low impedance 
contrasts between sills injected into an igneous section with the same 
composition”, in contrast to their injection into the remnant con- 
tinental crust of the COT at shallower levels. 

The COT region with lower-crustal sills coincides with increased 
seismic velocities compared to the adjacent continental crust of 
Hatton Bank and the Fugloy Ridge (Fig. 2a, b). The highest lower- 
crustal velocities are not reached until the onset of mature seafloor 
spreading, which is marked by linear magnetic anomalies and 
coincides with the termination of SDRS and submarine rather than 
subaerial volcanism”. We interpret this oceanic crust as comprising 
100% igneous rock with restricted lateral flow, in contrastto the large 
distances over which subaerial basalts flowed from the COT rift. 

If the continental velocity-depth profile is taken as an end- 
member, while the earliest oceanic crust beyond the termination of 
the SDRS represents the velocity of the fully igneous crust (Fig. 3a, b), 
then the lower-crustal igneous volume fraction under the COT can be 
calculated from the average seismic velocity using a linear mixing law. 
The total melt volume at the COT on the Faroes profile, including the 


Figure 2 | Seismic velocity profiles. Seismic velocity structure of crust 
across the continent—ocean transition near Hatton Bank (a) and the Faroe 
Islands (b). ¢, Coincident seismic reflection profile across the Faroes margin 
with velocity field superimposed. Lava flows are imaged as SDRS between 
50-90 km along the Faroes profile and as sub-horizontal layered basalts at 
>90 km. Lower-crustal layering coincident with high (>7.0 km s~*) 
velocities, caused by igneous intrusions, lies beneath the basalts on the 
continent—ocean transition, terminating at ~90 km against continental 
crust with markedly lower velocities. For line locations see Fig. 1. Profiles are 
alignedwith 0 km distanceat seafloor spreading magneticanomaly chron 22. 
Arrows mark locations of velocity curves shown in Fig, 3. See Supplementary 
Information for enlargement of COT portion of reflection profile shown in 
¢. Reflection profile processing included source designature, multiple 
suppression and post-stack time migration. Velocities of post-rift Cenozoic 
sediments (purple) are constrained by semblance move-out analysis of 
reflections recorded on the hydrophone streamer and sub-sediment crustal 
velocities are constrained by tomography using wide-angle reflections and 
diving waves from OBS data (locations shown by white circles at the sea 
floor). Colour bands are at 0.1 kms ' intervals, with contours above 
7.0kms~* spaced every 0.1 kms‘ to highlight the lower-crustal velocity. 
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extrusive basalts from the reflection image, is about 900-1,000 km? 
per kilometre along strike. The ratio of intruded to extruded igneous 
tock is 1.5:1, consistent with suggestions on petrological grounds 
that the intrusive volume must be ‘at least as large as the amount 
of erupted surface lava” and more precise than previous estimates 
which range from 0.25:1 to 4:1 (ref. 2). 

Good velocity and thickness constraints on the igneous compon- 
ent of the crust allow us to address the controversy over whether the 
large volumes of melt on volcanic margins were produced by rifting 
above abnormally hot mantle (a ‘mantle plume’)'*”?”’, or by active 
small-scale convection oflower-temperature mantle under the rift, or 
by melting enriched, more-fertile mantle**, Increased mantle tem- 
peratures cause increased melt thickness h and increased seismic 
velocity vp of the igneous rock generated by mantle decompression 
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beneath rifts'****. On a vp plot (Fig. 3d), the filled circle shows the 
average for normal oceanic crust™**, with the yellow arrow showing 
the trend predicted for passive decompression melting of normal 
mantle as its temperature increases. Active mantle upwelling with 
no temperature change causes increased igneous thickness with little 
change in seismic velocity, whereas fertile mantle could generate an 
increase in igneous thickness and a decrease in seismic velocity (solid 
black arrows in Fig. 3d), Crustal melt fractionation causes the lower- 
crustal velocity to increase, while melt fractionated deeper in the 
mantle causes it to decrease (broken black arrows in Fig. 3d)°. 
‘These effects workin opposite directions, so they may (to first order) 
cancel one another. The h-vp curves in Fig. 3d are calculated for 
primary melt crystallized at the average pressure (230 MPa) and tem- 
perature (150°C) of the lower oceanic crust on our profiles. We 
follow ref. 6 in using the average lower-crustal velocity as the best 
available estimate of the primary igneous composition. 

‘The h~vp data from the oceanic portions of our profiles and from 
the SIGMA-3 profile on the Greenland margin conjugate to our 
Hatton profile* (Fig. 1) show a clear trend towards normal oceanic 
crust (filled symbols in Fig. 3c). This trend can be explained solely by 
passive decompression melting of normal mantle witha temperature 
decrease of about 75°C during seafloor spreading after continental 
break-up. However, the portions of both the Hatton and Faroes 
profiles with SDRS show trends of decreasing vp and increasing 
thicknesses in a landward direction (open symbols in Fig. 3c). At 
first, this appears to suggest that the mantle temperature was lower 
(lower vp) when the SDRS were formed than when the subsequent 
oceanic crust was generated, with the observed crustal thickness 
requiring active local convection under the rift at up to ten times 
the passive upwelling rate®, It is also possible that the mantle was 
more fertile, This is the interpretation of similar vp pattems found 
for crust beneath SDRS (termed ‘transitional crust’ on the SIGMA-2 


Figure 3 | Crustal velocities and thicknesses. Seismic velocity variation 
versus depth beneath the base of the sediments at three representative 
locations: on the oceanic crust, on the COT, and on the continental block of 
the Hatton Bank profile (a) and the Faroe profile (b). Locations of velocity 
curves are shown by arrows on Fig, 2. The oceanic crust and lower 
continental crust are the two end-members, while the COT crust exhibits 
lower-crustal velocities intermediate between the two owing to intrusion of 
continental crust by igneous sills. ¢, Average crustal thickness and lower- 
crustal velocity calculated every 10 km along the Faroes profile (red 
triangles), the Hatton profile (blue diamonds), including the oceanward end 
of our profiles beyond those shown in Fig. 2 (ref.21), and the conjugate east 
Greenland SIGMA-3 profile? after correction to our reference pressure and 
temperature (green circles). Filled symbols are from oceanic crust; open 
symbols are from crust lying on the COT beneath arcuate SDRS. The pair of 
larger triangle and diamond symbols shows the limits of the total (intrusive 
plus extrusive) igneous thickness across the Faroes and Hatton COTs, 
respectively. The extrusive volume is calculated from the seismic reflection 
images and the intrusive volume is calculated from lower-crustal velocity 
using a linear mixing law between lower continental crust and fully igneous 
crust. The standard deviations typical of the data points are shown in the top 
right corner: the theoretical curves have similar uncertainties. The arrow 
marked ‘time’ shows the direction in which the basalts become younger. 

d, Theoretical igneous crustal thickness versus seismic velocity of primary 
melts generated by passive mantle upwelling under an oceanic riftcalculated 
by refs 6 and 23: solid lines are from normal pyrolitic mantle, and broken 
lines from fertile mantle. Curves are for a reference pressure of 230 MPa and 
temperature of 150°C, which are representative of conditions in the lower- 
crust of the oceanic data in our results. The filled circle shows the average 
thickness and lower-crustal velocity of normal oceanic crust™, after 
correction for along-segment variation in thickness?®. The yellow arrow 
shows the representative trend of changes in h and vp for passive 
decompression of normal mantle of increasing temperature, with tick marks 
approximately every 50 K. Solid arrows show the directions of change in h 
and vpat fixed mantle temperature for active mantle upwelling under the rift 
or an increase in the fertility of the parent mantle. Broken arrows show the 
effect on the lower-crustal velocity of fractionation in the lower crust or in 
the upper mantle, 
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profile’) on the conjugate Greenland margin**, If the lower crust 
beneath the COT (where the SDRS are observed) comprised 100% 
igneous material, as the term ‘underplated” implies, then this inter- 
pretation would be correct. We note that this interpretation intro- 
duces other significant difficulties, such as requiring a near-vertical 
boundary between continental and fully igneous crust at a distance 
of 90km on Figs 2b and c, and failing to exphin how the SDRS 
remained elevated and subaerial over the inferred lower-temperature 
mantle but then subsided and became submarine during seafloor 
spreading when the inferred mantle temperature was higher. 

However, the average h-vp values for only the igneous component 
of the COT crust (larger open symbols in Fig, 3c), can be alternatively 
interpreted as representing melt generated by decompression of hot 
mantle by lithospheric stretching of the COT before the onset of 
seafloor spreading. There is the possibility of some trade-off between 
the assumed velocity of the igneous intrusions under the COT and 
their thicknesses, which would allow the inference of limited small- 
scale active convection to generate the melt thickness, but even if this 
‘were so, modelling shows that increased mantle temperatures are still 
required’®, To first order, the observations for both the Hatton and 
Faroes profiles can be explained by a model in which the mantle 
temperature was highest at the start of continental break-up, 
followed by an approximately 75 °C decrease of mantle temperature 
over about ten million years of seafloor spreading, This also explains 
the subaerial elevation of the COT with production of SDRS over the 
hottest mantle, with a change to submarine seafloor spreading as the 
mantle temperature decreased after continental break-up. It raises 
the likelihood that the region of crust with SDRS on the Greenland 
margin, which is twice as wide as that on the conjugate Hatton 
margin’, is also underlain by highly stretched continental crust, 
with initial highly asymmetric stretching similar to that frequently 
found on non-volcanic margins. 


METHODS SUMMARY 

Acquisition. Wide-angle data were recorded to ranges >140km by 85 
four-component OBSs spaced at 2-10km along the profiles, with the seismic 
source provided by a large-volume (6,360 in’, 104litres) airgun array towed at 
20m depth” (for data examples see Supplementary Information). The deep- 
penetration seismic reflection profiles across the Faroes margin used a 48-gun 
source (10,170 in’, 167 litres), towed at 18 m depth, and tuned on the bubble so 
as to produce a broadband signature centred on $-10Hz. This low-frequency 
seismic signal passed through the layered basalts, which severely attenuate higher 
frequencies. The 12,000 m streamer was towed at 18m depth so as to enhance 
its low-frequency response, 

Reflection seismic processing. The processing included sourcesignature decon- 
yolution, model-independent multiple attenuation, cascaded Radon demultiple 
steps and integrated velocity analysis with OBS wide-angle tomography. 
Velocity structure, Velocities within the water column were measured by 
velocimeter and calculated from the temperature measured by disposable 
bathy-thermographs, Sediment velocities were calculated from semblance ana- 
lysis of wide-angle reflections on the streamer data. Travel times of individual 
traces were picked from the vertical component geophone OBS data, and used to 
map the crustal velocity structure by first-arrival seismic tomography”, then 
refined by ray-tracing inversion™, and for the Hatton profile by joint reflection 
and refraction tomographic inversion‘, On the Faroes profile we fitted 15,531 
diving waves and 9,865 Moho reflections to within the picking error uncertain- 
ties; on the Hatton profile we fitted 17,639 diving waves and 7,850 Moho reflec- 
tions, Uncertainties in the velocities were estimated by making multiple 
inversions with 100 randomized starting velocity models: velocities are generally 
constrained to better than 0.1kms"' and Moho depths to 1km (see 
Supplementary Information for examples of data and model uncertainty). The 
top of the oceanic lower crust is marked by the velocity inflection at 6,7 km s~! 
(Big, 3a and b). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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The first hominin of Europe 


Eudald Carbonell’, José M. Bermtidez de Castro”, Josep M. Parés*”, Alfredo Pérez-Gonzalez™*, 

Gloria Cuenca-Bescés*, Andreu Ollé’, Marina Mosquera’, Rosa Huguet', Jan van der Made’, Antonio Rosas, 
Robert Sala’, Josep Vallverdii', Nuria Garcia”*, Darryl E. Granger”, Maria Martinon-Torres”, Xosé P. Rodriguez’, 
Greg M. Stock*"®, Josep M. Verges’, Ethel Allue!, Francesc Burjachs'’”', Isabel Caceres’, Antoni Canals’, 
Alfonso Benito’, Carlos Diez'?, Marina Lozano!, Ana Mateos”, Marta Navazo!”, Jesiis Rodriguez”, Jordi Rosell’ 


& Juan L. Arsuaga’”® 


‘The earliest hominin occupation of Europe is one of the most 
debated topics in palaeoanthropology. However, the purport- 
edly oldest of the Early Pleistocene sites in Eurasia lack precise 
age control and contain stone tools rather than human fossil 
remains', Here we report the discovery of a human mandible 
associated with an assemblage of Mode 1 lithic tools and faunal 
remains bearing traces of hominin processing, in stratigraphic 
level TE9 at the site of the Sima del Elefante, Atapuerca, 
Spain, Level TE9 has been dated to the Early Pleistocene 
(approximately 1.2-1.1 Myr), based on a combination of palaco- 
magnetism, cosmogenic nuclides and biostratigraphy. The Sima 
del Elefante site thus emerges as the oldest, most accurately 
dated record of human occupation in Europe, to our knowledge. 
The study of the human mandible suggests that the first settle- 
ment of Western Europe could be related to an early demo- 
graphic expansion out of Africa. The new evidence, with 
previous findings in other Atapuerca sites (level TD6 from 
Gran Dolina’), also suggests that a speciation event occurred 
in this extreme area of the Eurasian continent during the Early 
Pleistocene, initiating the hominin lineage represented by the 
TE9 and TD6 hominins. 

‘The Sima del Elefante Site is located in the Sierra de Atapuerca, 
northern Spain, in the proximity of the well-known sites of Gran 
Dolina, Galeria and Sima de los Huesos (Fig. 1a). All of them have 
yielded hominin fossils attributed to the species Homo antecessor 
(approximately 0.8 Myr) in Gran Dolina and Homo heidelbergen- 
sis in Galeria’ and Sima de los Huesos'*"7. 

The Sima del Elefante site is 2 cave 18m deep and up to 15m 
wide, infilled with clastic deposits. The sedimentary sequence is 
formed by 16 lithostratigraphic units (Fig, 1b) mostly made by debris 
flow deposits, Entrance clast-supported debris flows correspond to 
proximal facies, whereas deposits with higher content of brown and 
reddish-brown clays (HUE7.5YR or 5YR) correspond to distal facies, 
derived from terra-rossa slope soils. 

We report on the palacoanthropological, archaeological and 
palaeontological record of level TE9, including geochronological 
and biostratigraphic data at Sima del Elefante, which together 
document the oldest-known site in Europe with hominin fossils 
and human activity. 


A fragment of hominin mandible and an isolated lower LP, of the 
same individual were recovered from square I-31 of the TE9C level. 
‘The mandible (ATE9-1) consists of the symphyseal region, a portion 
of the right corpus from P; to the alveolus of M; with an irregular 
broken surface, and the basal part of the left corpus from P; to the 
level of M,/Mo. Some teeth are preserved in situ (Fig. 2 and 
Supplementary Information). 

The mental foramen is single on both sides and lies at the P3/P4 
interalveolar septum. On the preserved part of the corpus, a well- 
differentiated torus marginalis is present. Anteriorly, this torus ter- 
minates as a well-developed anterior marginal tubercle below the 
CIP, (Fig, 2a), In lateral view (Fig. 2c), there is a slight anterior 
mandibular incurvatio of the bone between the alveolar border and 
the base. Thus a modest mentum osseum is expressed. The mental 
trigone is represented by a faint bone elevation along the midline of 
the symphysis and a visible mental protuberance. No signs of lateral 
mental tubercles or mental fossae are present. In anterior view, the 
lower margin of the symphysis is arched bilaterally, forming a con- 
spicuous incisura submentalis. At the midline of the arch, a strong 
and pointed interdigastric spine projects downwards between the 
two disgastric impressions, which are shallow but well defined, and 
placed at the basal part of the symphysis. On the internal surface of 
the symphysis, the alveolar planum exhibits a minimum inclination, 
and the superior transverse torus is absent. However, on the right side 
a modest but clear alveolar prominence below P3-P, is observed. In 
superior view, the alveolar portion of the corpus tends to diverge to 
form a parabolic arc, being more open than in early Aftican Homo 
specimens such as OH 13, KNM-ER 1802 and UR 501, or in the 
Dmanisi mandibles. The thickness of the corpus of ATE9-1 at the 
‘M, level is similar to that of ATD6-96 from Gran Dolina’ and falls at 
the lower limit of the range of the African Early and Middle 
Pleistocene Homo specimens’*. The height of the corpus of ATE9-1 
at the P3/P, level is modest and far from the extreme values seen in 
many other Pleistocene specimens such as those from Tighenif, 
Sangiran and D 2600 from Dmanisi (Table 1). The C, P3 and Ps 
exhibit single roots of Tomes’ root form (category 1R"), with a 
groove along the mesiolingual root surface. The crown of LP, pre- 
sents an oval outline with a distolingual talonid, and the tip of the 
lingual cusp is mesial to the tip of the larger buccal cusp 
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The morphology of the anterior surface of the symphysis and the 
position of the anterior marginal tubercle suggest similarities 
between ATE9-1 and early Homo specimens like OH 7, OHI3, 
KNM ER 730 and UR 501, and especially with those of Dmanisi. 
However, the morphology of the posterior surface of the symphysis 
and the shape of the alveolar part of the corpus are clearly derived in 
these hominins (see Supplementary Information, Mandible 
Discussion), Although the symphysis is not represented in the cur- 
tent TD6 hominin hypodigm, so we cannot make the pertinent 
comparisons, we assign ATE9-1 provisionally to Homo antecessor®, 

The lithic assemblage includes 32 artefacts: four simple flakes, five 
waste flakes (debris) and 23 indeterminate items made of Neogene 
and Cretaceous chert, both raw materials available within 2km of 
the archaeological site. There are many indeterminate pieces, owing 
to the chemical weathering particularly suffered by the Neogene 
chert. 

Hominins probably knapped inside the cave, as deduced from the 
presence of small waste flakes and two medium-sized Cretaceous 


b Lithostratigraphy 


langing wall 
16 oh 
4 TEI9 Magnetostratigraphy 
: VGP Lat 
144 4 
TE18 : 8 
124 TE7 
7 $50.78 Myr+ > Hi 
$10 TE16 
; TES i 
TEMS 
28 TE14 ¢ 
= TEI3 A 
Ey E TEN2 1S 
= Ten , 
& 6 9 5 
TEIO @ Ft 
Cosmogenic = 
TE9 burial age 5 
4 2 4.22 + 0.16 Myr g 
2 TES 
Cosmogenic 
burial age 
TE? = 4.13£0.18 Myr |) 
< a 
too Se (4e Tle Ge 
Jo Bala Je ee 


Figure 1| Geographic setting and geological context. a, Geographic 
setting of the Atapuerca archaeological sites. b, Summary of the 
lithostratigraphy and chronology of the Sima del Elefante locality. The 
synthetic column on the lefi shows the different stratigraphic units visible at 
the central-north section, labelled TE. Symbols: 1, Mesozoic limestone; 2, 
speleothem; 3, lutite/clay; 4, bat guano; 5, clay and laminated sandy silts; 6, 
marls; 7, gravels and boulders; 8, cross-lamination; 9, main stratigraphic 
discontinuity. VGP Lat, latitude of the virtual geomagnetic pole. 
Cosmogenic burial ages are also shown, with the standard error given at the 
68% confidence interval. 
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chert flakes that seem to belong to the same core. The reduction 
sequence was devoted to producing simple flakes ranging between 
30mm and 75mm long. Artefacts were detached by direct hard- 
hammer percussion on hand-held, medium-sized cores. Knapping 
strategies were simple, and they tended to remove the irregularities 
and shape theblank to obtain a single striking platform. Flakes show 
plane rather than cortical butts, and dorsal scars are parallel to the 
flake extraction axis, which indicates unidirectional knapping 
(Eig. 3a-c). 

The faunal assemblage*””*! (see Supplementary Table 1) provides 
valuable chronological information. The mustelid Pannonictis is a 
typical Plio-Pleistocene taxon, and the species P. nestii is a likely 
candidate as a last survivor of the genus, which might reach the late 
Early Pleistocene. In size and in cranial and dental morphology, 
the specimens from TE level 9 resemble P. nestii from the site of 
Pietrafitta (Italy), dated to around 1.4 Myr”, suggesting the fossils 
in TE9 are closer inage to the Italian site than to the last occurrence of 
this species**. The murid Castillomys, found in TE levels 8-14”, has 
its latest appearance in localities such as Barranco Leén, with a 
Matuyama age’. The rodents and insectivores of levels TE9-TE13 
are primitive compared with those present in Cromerian localities 
(around 1,0-0.6 Myr); that is, they include advanced forms of 
Mimomys savini as well as Microtus species that are absent in levels 
TE8-TE13"™. Also, the A/L index (the relative length of the ante- 
roconid complex in relation to the anteroposterior length of the 
tooth) of the Allophaiomys first lower molar found at Sima del 
Elefante resembles that of Allophaiomys measured at Fuente Nueva 
3, Pietrafitta, Pirro Nord and Monte Peglia. The small mammals 
found at the Sima del Elefante site are notably more primitive 
than the oldest small mammal assemblages that appear in Gran 
Dolina®?"4, especially the absence of Microtus and Allocricetus bur- 
sae, and the presence of Asoriculus gibberodon, Castillomys and the 
Allophaiomys species. In addition, the evolution of the insectivore 
associations at levels TE9-TE13 suggests a general warm and humid 
palaeoenvironment with warmer—cooler shifts. This could tentatively 
correlate with the Waalian™, an Early Pleistocene warm stage also 
with warmer-cooler shifts, dated to 1.5-1.3 Myr’*. 

Large mammals of TE9 are mainly represented by long bones, 
whereas Leporidae and birds preserve whole anatomical segments, 
mainly limbs. Some bones of large mammals show clear evidence of 
hominin processing, such as percussion marks on long bones 
(Eig. 3d) and on a bovid mandible, pointing to fresh fracture made 
to access the marrow cavity and other food resources. The mandible 
and a vertebra of bovid, and some indeterminate macromammal 
long bones, also show defleshing cut marks" (Fig. 3e, f). 

Previous work on the chronology of the sedimentary infill at Sima 
del Elefante has been based on palaeomagnetism® and faunal evid- 
ence™. The initial palacomagnetic study revealed that stratigraphic 
layers TE16 and older recorded reverse magnetization directions 
only, consistent with a Matuyama age of the sediments (1.78— 
0.78Myr) and with the mammal assemblage. Layer TE17, on the 
other hand, showed normal polarity directions. New palaeomagnetic 
results of a flowstone capping unit TE16 and the overlying poorly 
consolidated silty sandstones reveal normal polarity directions, 
constraining the stratigraphic position of the reverse to normal 
polarity change within the section around a stratigraphic height of 
11m. 

The age of level TE9 is further constrained by burial dating based 
on the radioactive decay of cosmogenic ”*Al (half-life, ty, = 0.717 + 
0.017 Myr) and "Be (fj2 = 1.34 0.07 Myr) in quartz collected 
from the sediments. These two radionuclides are produced at a fixed 
ratio by secondary cosmic rays interacting with quartz near the 
ground surface. When quartz containing inherited **Al and '°Be is 
carried into a cave, the mineral grain is shielded from cosmic rays and 
the concentrations of these two nuclides decay over time, serving asa 
chronometer of deposition””*. The burial dating method assumes 
that quartz was first exposed near the surface in a steadily eroding 
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Figure 2 | Mandible ATE9-1. a, Frontal view. Arrowheads point to the 
position of theanterior marginal tubercle, and the arch of the marked 
incisura submentalis, b, Superior view. Arrowheads point to the mental 
protuberance, the subvertical alveolar planum and the slight alveolar 
prominence. Note also the parabolic arc formed by the alveolar part of the 


environment, and was then buried deeply enough in the cave to 
ensure adequate shielding. We collected two samples from the study 
area, each shielded by approximately 16 m of bedrock and sediment 
(see Supplementary Tables 2. and 3). 

The first sample was collected from layer 9b, in the central part of 
unit TE9. This sample was collected about 40 cm above the artefacts 
and the hominin fossils in layer 9c, and has a burial age of 
1.22+0.16Myr. A second sample was collected from unit TE7, 


Table 1 | Measurements of ATE9-1 compared with some Homo specimens 


Thickness (mm) Height (mm) 
My Symphysis* Pa-Py ‘symphysis 

ATES-1 17.0 153 304 335 
ATD6-96 166 285 

D2 18.1 16.5 260 310 
D 2735 193 16.0 246 32.0 
D 2600 216 21.0 424 49.0 
Sangiran St 212 18.0 38.2 420 
Sangiran 22+ 173 16.1 311 36.0 
Sangiran 6 27.0 48.0 

Sangiran 1B 163 357 

KNM-ER 1802 23.0 213 358 36.2 
UR 501 213 168 341 340 
OH 13f 18.0 26.0 

OH 22¢ 194 189 290 307 
KNM ER 730 19.0 116 313 310 
KNM ER 992 20.2 310 

Tighenif 1 19.0 188 36.2 36.0 
Tighenif 2 169 18.0 334 333 
Tighenif 3 19.0 192 38.4 375 


‘The preservation of ATE9-1, D 211 and D 2600 prevents measurement ofthe height of the 
corpus at the M1 level. *Taken approximately at a right angle to the axis ofthe symphyseal 
inclination. *From Kaifu etal? ffrom Schrenket al. All other measurements were taken on 
originals or high-quality casts. 


corpus. ¢, Median sagittal cross-section of the symphysis based on a three- 
dimensional computed tomography reconstruction. Fossils are housed at 
the Centro Nacional de Investigacion sobre la Evoluci6n Humana. d, Distal 
view of the LP4 of ATE9-1, e, Occlusal view of the LP4; mesiodistal 
dimension: 8.9 mm; buccolingual dimension: 11.4 mm (estimated). 


which contains a similar microfaunal assemblage to unit TES. This 
second sample has a burial age of 1.13 + 0.18 Myr, indistinguishable 
from that of layer TE9b. 

The lithic assemblage found at level TE9 shows similar primary 
technical features to those from the other Early Pleistocene European 
sites: a Mode 1 simple technology without handaxes and cleavers, 
which are the most characteristic tools of Mode 2 or Acheulean, 
Furthermore, the oldest European assemblages show scarcity or even 
absence of retouched tools-**"', as is the case at TES. ‘These simple 
industries usually appear in archaeological contexts related to basic 
human activities devoted to processing and consuming meat and 
marrow. 

Current archaeological data unequivocally indicate human 
presence in southern Europe (south of 46°N) quite early in the 
Early Pleistocene"? (see Supplementary Table 4). The recently dis- 
covered hominin and lithic industry in level TE9 reported here, and 
the dating based on palacomagnetism, biostratigraphy and cosmo- 
genic nuclides, provide the oldest direct evidence, to our knowledge, 
for a human presence in Europe at 1.21.1 Myr. The most parsimo- 
nious interpretation of this new finding in the Sierra de Atapuerca is 
that western Europe was settled during the Early Pleistocene by a 
hominin population coming from the east. This population may 
be related to an ‘early’ expansion of hominins out of Africa. 
Considering that the TE9 hominin could be also assigned to 
H. antecessor®, the Sima ddl Elefante and Gran Dolina TD6 popula- 
tions would represent a speciation that occurred in this extreme part 
of Eurasia during the Early Pleistocene, 

Overall, the Sima del Elefante site, with other Early Pleistocene, 
Mediterranean sites (for example Pirro Nord, Barranco Le6n and so 
on)'-5®, strengthens the evidence that peopling of Europe occurred 
much faster and in a more continuous manner than previously 
thought. 
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Figure 3| TE9 lithic tools and faunal remains with cut marks and hominin 
breakage. a-c, Chert artefacts from TE9; 3a and 3b are flakes of Cretaceous 
chert probably belonging to the same core; 3cis the lower surface ofa flake of 
Neogene chert, d, Large mammal bone with fresh fracture to access the 


METHODS SUMMARY 

Sierra de Atapuerca (Burgos, Spain) contains several well-known Early and 
Middle Pleistocene sites: Gran Dolina'', Galeria’, Sima de los Huesos'® and 
Sima del Elefante’, among others. All these sites have been excavated and 
studied by an interdisciplinary team formed in the late 1970s comprising 
archaeologists, palacontologists, taphonomists, zooarchaeologists, geologists, 
palaeoanthropologists and biologists. 

‘The interdisciplinary approach began with fieldwork, the basis for the 
archaeological and palacoanthropological studies. All the Sierra de Atapuerca 
sites have been studied following systematic excavation; all items recovered were 
registered in a three-dimensional coordinate system and placed in stratigraphic 
context. Such thorough background work is required for understanding the 
context of human evolution, opposite to the interpretations made with isolated 
discoveries. 

Identification, measurement and interpretation of the Sima del Elefante and 
all the Sierra de Atapuerca specimens follow conventional procedures of 
comparative anatomy for palacoanthropology, lithic technology for stone tool 
production, and zooarchaeology and taphonomy for subsistence strategies. 
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marrow; arrows point the percussion marls. e, Cut-marked bovid vertebra; 
arrows point the main group of cut marks, f, Detail under environmental 
scanning electron microscope of one of the recorded cut marks on a bovid 
mandible, 


Also, microscopic analyses and archaeological experimentation are common 
procedures. Results and interpretations were situated in time and in 
palaeoenvironmental context using geochronological and biochronological 
analyses, 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 15 October 2007; accepted 4 February 2008. 


1. Oms, 0. et al. Early human occupation of western Europe: paleomagnetic dates 
for two paleolithic sites in Spain, Proc. Nat! Acad, Sci. USA 97, 10666-10670 
(2000). 

2. Arzarello, M. et al. Evidence of earliest human occurrence in Europe: the site of 
Pirro Nord (southern Italy). Naturwissenschaften 94, 107-112 (2007). 

3. Despriée, J. et al, Une occupation humaine au Pléistocéne inférieur sur la bordure 
nord du Massif central. C.R. Palevol. 5, 821-828 (2006). 

4. Lumley, H,, de, Fournier A, Krzepkowska, J, & Echassoux, A, Lindustrie du 
Pleistocéne inférieur de la grotte du Vallonnet, Roquebrune-Cap Martin, Alpes 
Maritimes. L'Anthropologie 92, 501-614 (1988). 


NATURE|Vol 452|27 March 2008 


10. 


n 


12. 
B 


14, 


15. 


16. 


7 


18. 


9. 


20. 


2. 


22. 


23. 


Peretto, C. et al, Lindustrie lithique de Ca’Belvedere di Monte Poggiolo: 
stratigraphie, matiére premiére, typologie, remontages et traces d'utilisation, 
Anthropologie 102, 343-465 (1998), 

Rosas, A. etal, Le gisement pléstocéne de la ‘Sirma del Elefante’ (Sierra de 
Atapuerca, Espagne). L’Anthropologie 105, 301-312 (2001). 

Rosas, A. etal, The ‘Sima del Elefante’ cave site at Atapuerca (Spain). Estudios 
Geolégicos 62, 327-348 (2008). 

Parés, J, M. et al. Matuyema-age lithic tools from the Sima del Elefante site, 
Atapuerca (northern Spain). J. Hum. Evol. 50, 163-169 (2006). 

Carbonell, E.et al, Lower Pleistocene hominids and artifacts from Atapuerca-TD6 
(Spain). Science 269, 826-830 (1995). 

Bermidez de Castro, J. M. et al. A hominid from the Lower Pleistocene of 
Atapuerca, Spain: possible ancestor to neandertals and modern humans. Science 
276, 1392-1395 (1997). 

Bermiidez de Castro, J. M., Carbonell E, & Arsuaga, J. L. (eds) The Gran Dolina 
site: TD6 Aurora Stratum (Atapuerca, Burgos, Spain). J. Hum. Evol. 37 (special 
issue), 309-700 (1999). 

Carbonell, E.et al. An Eatly Pleistocene hominin mandible from Atapuerca-TD6, 
Spain. Proc. Natl Acad. Sci. USA 102, 5674-5678 (2005). 

Parés,J, M. & Pérez-Gonzélez, A. Paleomagnetic age for hominid fossils at 
Atapuerca archaeological site, Spain. Science 269, 830-832 (1995). 

Carbonell, E, Rosas, A. & Diez, J. C, (eds) Atapuerca: Ocupaciones Humanas y 
Paleoecologia del Yacimiento de Galeria 1-390 (Junta de Castilla y Leon, Zamora, 
1999). 

Arsuaga, J.L, Martinez, |, Gracia, A., Carretero, J. M. & Carbonell, E Three new 
human skulls from the Sina delos Huesos site in Sierra de Atapuerca, Spain. 
Nature 362, 534-537 (1993). 

Arsuaga, J. L, Bermtidez de Castro, J. M. & Carbonell, E. (eds) The Sima de los 
Huesos hominid Site. J, Hum, Eval. 33 (special issue), 105-421 (1997). 

Bischoff, J. L et al. High-resolution U-series dates from the Sima de los Huesos. 
hominids yields 600-48. kyrs: implications for the evolution of the early 
Neanderthal lineage. J. Archaeol. Sci. 34, 763-770 (2007). 

Rosas, A. & Bermiidez de Castro, J. M. On the taxonomicaffinities of the Dmanisi 
mandible (Georgia), Am J. Phys, Anthropol, 107, 145-162 (1998). 

Wood, B. A., Abbott, S. A. & Uytterschaut, H. Analysis of the dental morphology of 
Plio-Pleistocene hominids. IV. Mandibular postcanine root morphology. J. Anat. 
156, 107-139 (1988) 

Cuenca-Bescés, G. & Rofes, J. Insectivoros (Mammalia), clima y paisaje de los 
niveles inferiores de Trinchera Elefante (Pleistoceno Inferior, Atapuerea). Zona 
Arqueol. 4, 150-156 (2004), 

Rofes, J. & Cuenca-Bescés, G. First evidence of the Soricidae (Mammalia) 
Asoriculus gibberodon (Petényi, 1864) in the Pleistocene of North Iberia. Riv. Ital. 
Paleontol. Stratigr. 12, 301-315 (2006). 

Gliozzi, E. etal. Biochronology of selected mammals, molluscs and ostracods from 
the Middle Pliocene to the Late Pleistocene in Italy. The state of the art. Riv Ital 
Paleontol, Stratigr. 103, 369-383 (1997). 

Garcfa, N. & Howell, F. C. New discovery of a large mustelid (Carnivora: 
Mammalia) from the earty Pleistocene locality of Sima del Elefante (Sierra de 
Atapuerca, Spain). Palaeontogr. Abt. A (in the press). 


LETTERS 


24, Cuenca-Bescés,G., Laplana, C. & Canuda, J.|, Biochronological implications of the 
Arvicolidae (Rodentia, Mammalia) from the Lower Pleistocene hominid-bearing 
level of Trinchera Dolina 6 (TD6, Atapuerca, Spain). J. Hum, Evol. 37, 353-373 
1999). 

25, Zagwijn, W. H. Borders and boundaries: a century of stratigraphical research in 
the Tegelen-Reuver area of Limburg (The Netherlands). Med. Ned. Inst. Toegep. 
Geowetensch. TNO 60, 19-34 (1998). 

26, Huguet, R Primeras Ocupaciones Humanasen la Peninsula Ibérica: Paleoeconomta de 
Ja Sierra de Atapuerca (Burges) y la Cuenca de Guédix-Baza (Granada) Durante el 
Pleistocene Inferior. PhD thesis, Department of History and History of Art, Univ. 
Rovira i Virgili, Tarragona (2007). 

27. Granger, D. E., Fabel, D. & Palmer A. N.. Pliocene-Pleistocene incision of the 
Green River, Kentucky, determined from radioactive decay of cosmogenic 
?°n\ and '°Be in Mammoth Cave sediments. Geol, Soc. Am, Bull. 113, 825-836 
(2001). 

28. Stock, G. M., Anderson, R. S. & Finkel, R. C. Pace of landscape evolution in the 
Sierra Nevada, California, revealed by cosmogenic dating of cave sediments. 
Geology 32, 193-196 (2004). 

29, Kaifu, Y., Aziz, F. & Baba, H. Hominid mandibular rerrains from Sengiran: 
1952-1986 collection. Am. J, Pays. Anthropol. 128, 497-519 (2005). 

30. Schrenk, F, Bromage, 7.G,, Betzler,C.G,, Ring, U.& Juwayeyi Y. Oldest Homo and 
Pliocene biogeography of the Malawi Rift. Nature 365, 833-836 (1993). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


‘Acknowledgements We acknowledge all the members of the Atapuarca research 
team involvedin the recovery and study of the archaeological and palaeontological 
record from Sima del Elefante, and C., Lorenzo for the supervision of the fossils, We 
thank J, Mestre and S, Sarmiento for the hominin pictures and photomontage, and 
J.M. Carretero, E. Santos and L. Rodriguez for their supervision and scanning of the 
mandible. We also thank R. Quam for reviewing the English version, S. Anton, 

F. Spoor and |, Tattersall provided commentson the manuscript. This research was 
sponsored by Junta de Castilla y Leon, Ministerio de Educacién y Ciencia grant DGI 
CGL2006-13532-C03, GC ARAGOB 2007, NSF grant EAR 0452936 and a 
Fundacién Atepuerca grant (RH, MN. 


Author Contributions E.C, J.M.8. de C, and JL.A. directed the excavations and the 
research project. Authors contributed in the following areas: AP-G, J.V. and AB,, 
geology, sedimentology and micromorphology; J.M.P., D.EG. and GMS,, 
geochronology; G.C-B, J. van der M. and NG, palaeontology of micro- and 
macromammals; E.C,, A.0., M.M., RS, X.P.R,, MLV. and M.N, stone tool 
technology; RH,, LC, C.D,, A.M, and J, Ros,, zooarchaeclogy; .M.B. de C,, A.R,, 
MM.-T, M.L.and JA, palaeoanthropology; A.C, archaeostratigraohy; E.A., F.B. 
andJ.Red., palaeoecology. Unless indicated, J.M.B.de C. took the measurements of 
hominin fossils for Table 1, A.0, and MM, edited and coordinated the manuscript. 


Author information Reprints and permissions information is available at 
wiww.nature.com/reprints. Correspondence and requests for materials should he 
addressed to EC, (eudald.carbonell@urv.cat) and M.B. de C, (im.ber@cerieh.es), 


40 


nature 


LETTERS 


Vol 452|27 March 2008|doi:10.1038/nature06756 


Pleiotropic scaling of gene effects and the ‘cost of 


complexity’ 


Giinter P. Wagner’, Jane P. Kenney-Hunt’, Mihaela Pavlicev’, Joel R. Peck, David Waxman’ & James M. Cheverud” 


As perceived by Darwin, evolutionary adaptation by the processes 
of mutation and selection is difficult to understand for complex 
features that are the product of numerous traits acting in concert, 
for example the eye or the apparatus of flight. Typically, mutations 
simultaneously affect multiple phenotypic characters. This phe- 
nomenon is known as pleiotropy. The impact of pleiotropy on 
evolution has for decades been the subject of formal analysis'*. 
Some authors have suggested that pleiotropy can impede evolu- 
tionary progress (a so-called ‘cost of complexity’’). The plausibi- 
lity of various phenomena attributed to pleiotropy depends on 
how many traits are affected by each mutation and on our under- 
standing of the correlation between the number of traits affected 
by each gene substitution and the size of mutational effects on 
individual traits, Here we show, by studying pleiotropy in mice 
with the use of quantitative trait loci (QTLs) affecting skeletal 
characters, that most QTLs affect a relatively small subset of traits 
and that a substitution at a QTL has an effect on each trait that 
increases with the total number of traits affected. This suggests 
that evolution of higher organisms does not suffer a ‘cost of com- 
plexity’ because most mutations affect few traits and the size of the 
effects does not decrease with pleiotropy. 

A set of quantitative traits in strains of inbred mice were chosen to 
represent a broad cross-section of linear skeletal traits from all major 
subsystems of the bony skeleton (see Supplementary Table 1). The 
strains used were initially selected for increased (LG/J) and reduced 
(SM/)) body size at 60 days post partum, respectively, and then inbred 
for more than 100 generations”*. A QTL mapping analysis of 70 such 
phenotypic characters was performed on 1,040 mice of the F, gene- 
ration that were derived from a cross between the inbred LG/J and 
SM/Jlines. The number of scored markers used was 471, leadingto an 
average distance between them of 3.98 centimorgans. A total of 
102 autosomal QTLs were detected’. These QTLs exhibited pleio- 
tropy, as assessed by a specific statistical test". The QTLs identified 
by this test affected a variable number of characters, up to a max- 
imum of 30, with a mean of 7.8 and a median of 6 (Fig. 1a). This 
means that in our data, 50% of QTLs affect fewer than 10% of the 
70 characters measured. This result suggests that pleiotropic 
effects tend to be limited to subsets of the total phenotype rather than 
being widespread, as assumed in models of universal pleiotropy, in 
which all traits are affected by a mutation (see also Supplementary 
Fig, 1). 

To compare the mutational effects of different QTLs on the affec- 
ted traits, we calculated a standardized effect for each character by 
dividing the QTL effect by the trait’s phenotypic standard deviation 
(see Supplementary Note 1). The standardized effect on trait i, 
denoted by A; is half the difference in means between homozygotes. 
The total effect, T, ofa QTL is then defined as the euclidean distance 


spanned by all the single character effects (Supplementary Note 6): 


In this equation, N represents the degree of pleiotropy; that is, the 
number of characters affected by a QTL. 

‘The distribution of the total mutational effect T arising from the 
QTL data set isillustrated in Supplementary Fig. 2. The distribution is 
estimated to have a mean of 0.59 and a standard deviation of 0.334. 
We consider these estimates to be unbiased, because the well-known 
bias of QTL effects" is minimal in sample sizes above 500 as in our 
study. We use these data to test two well-known models of how the 
total effect depends on the degree of pleiotropy, the euclidean super- 
position model and the invariant total effect model. 

The euclidean superposition model assumes that the expected 
squared effect of a mutation on a character (mn?) is the same regardless 
how many other characters are also affected‘. Taking the phenotypic 
standard deviation of a trait to be unity, the expected total effect of a 
mutation thenis (T) = Ny (nP). Thus, the total effect of amutation 
is predicted to scale with the square root of the degree of pleiotropy N. 
This model was used by Rechenberg’, for evolutionary optimization 
problems in engineering, and by Turelli’, Wagner*’*, Waxman and 
Peck"? and others, in a population genetic context. Orr? and Wingreen 
et al? proposed alternative models that we term invariant total effect 
models. These models assume that the probability distribution of total 
effect, p(T), and hence (7) itself, is independent of the degree of pleio- 
tropy. This assumption leads to progressively smaller mutational 
changes on each trait as the degree of pleiotropy increases and to slower 
rates of evolutionary adaptation with increased numbers of traits. 

We first tested these predictions by considering the dependence ofthe 
total effect Ton the variable number of traits N affected by a mutation 
(Fig. 1b). The total effect Tis strongly increasing with pleiotropy with a 
highly significant linear regression coefficient (t= 24.05, P< 0.0001) 
and a highly significant regression effect (F199 = 578.7, P<0.0001). 
This result decisively rules out the invariant total effect models of pleio- 
tropy. However, it isalso clear that the data donot support the euclidean 
superposition model either, because that model predicts a square-root 
dependence rather than the near-linear dependence that is apparent in 
Fig. 1b (see Supplementary Note 2). The linear model has a higher R°, 
suggesting a linear rather thana square-root dependence (linear regres- 
sion adjusted R° = 0.8512, square-root regression adjusted R’ = 0.7935; 
for more detail see Supplementary Note 2). We compared the fit of the 
two regression models by calculating their log-likelihood ratio, 3.638. 
This ratio indicates that the data are about 40-fold less likely under the 
square-root model than under the linear model. We thus conclude that 
the data are not only severely inconsistent with the invariant total effect 


‘Department of Ecology and Evolutionary Biology, Yale University, New Haven, Connecticut 06520-8106, USA. “Departmentof Anatomy and Neurobiology, Washington University, St 
Louis, Missouri 63110, USA. *Center for the Study of Evolution, School of Life Sciences, University of Sussex, Brighton BN19QG, UK. 
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Figure 1 | Distribution of QTL effects on 70 


skeletal traits in the mouse. a, The frequency 
distribution of the degree of pleiotropy of QTLs. 
Note that 50% of QTLs affect only up to six traits, 
but there is a set of QTLs affecting as many as 
25-30 traits. b, Regression of uncorrected total 
effect T on the number of traits N affected by a 
QTL. Note the very tight relationship between T 
and N. This result does not support the 
assumption that Tis independent of the degree of 
pleiotropy. It also suggests that T increases more 
rapidly than predicted by the euclidean 
superposition model. Solid line, linear 
dependence; dashed line, square-root 


dependence. ¢, Regression of weight-corrected T 
on the number of traits N. The residual effects 
represent the distribution of mutational effects 


better than the raw QTL effects, but there is stilla 
strongly positive relationship between corrected 
T and degree of pleiotropy. Solid line, linear 
dependence; dashed line, square-root 
dependence. d, To account for the correlations 
between the traits we calculated the ‘effective 
number of traits’ affected by a QTL, as described 
in the text. This correction reduces the maximal 
number of pleiotropic effects from 30 (b, ¢), to at 
most 24 effective traits. Even on this scale for 
pleiotropy the positive regression remains 
significant, suggesting that pleiotropy strongly 
influences the total phenotypic effect of a 


model but also suggest a stronger increase in the total effect with more 
traits affected than are predicted by the euclidean superposition model. 
‘The total effect of a mutation seems to be increasing more strongly with 
pleiotropy than predicted if we assume that the effect on each character 
remains the same. 


One concern with this result is that a positive relationship between 
the number of traits affected by a QTL and the total effect could be 
caused by an artefact of QTL mapping. For instance, let us assume that 
all the QTLs have the same degree of pleiotropy and the same total 
effect on average. Let us further assume that for some QTLs the effects 
on a few traits are too small to be detected with our experimental 
design. This would lead to both an underestimate of the number of 
traits affected and an underestimate in the total effect, because the 
undetected effects are not added to the estimate of the total effect. In 
this way QTLs for which fewer effects are detected will also have sys- 
tematically smaller total effects, leading to a positive regression of the 
total effect on the estimated pleiotropy (the number of traits affected). 
To assess whether our result in Fig. 1b can be explained as such an 
artefact, we calculated the predicted regression slope given the detec- 
tion limit for QTL effects (see Supplementary Note 3). For our data 
this slope is predicted to be 0.0033 or less. The observed slope is about 
tenfold that predicted by this model: 0.047 + 0.0019. We concludethat 
the result in Fig. 1b is unlikely to be caused by a detection artefact. 

We considered two other ways in which the inferences about a 
positive relationship between pleiotropy and total effect could be 
flawed. First, the distribution of QTL effects revealed by this cross 
might not be an unbiased sample ofall mutational effects, because the 
two lines used in this experiment were created by divergent selection 
for body weight. Alleles with alarger impact on body weight therefore 
had a greater chance of being fixed than alleles with smaller effects. 
The distribution of QTL effects might thus not reflect the true muta- 
tional distribution for skeletal traits but might over-represent alleles 
with large effects on components of overall body size. Second, the 
degree of pleiotropy might be overestimated because of correlations 
between traits. We address these two concems below. 

‘To test whether our conclusions are influenced by the fact that the 
strains were subject to directional selection on body weight rather 


mutation, Solid line, linear dependence; dashed 
line, square-root dependence. 


than mutation accumulation, we calculated the partial regression of 
trait value on body weight and re-analysed the weight-corrected trait 
values. Plausibly, these values are more representative of the distri- 
bution of mutational effects. The results are shown in Fig. 1c and 
Supplementary Fig. 3. There is still a dear positive relationship 
between the total effect and the number of traits affected. The scatter 
is greater, but the regression coefficient is clearly positive and signifi- 
cant (t= 9.887, P< 2 107', Fy 190= 97-74, P< 0.0001). 

To test whether our inference could be due to an overestimate of 
the degree of pleiotropy, we considered the hypothesis that the degree 
of pleiotropy is less than the number of traits as a result of corre- 
lations between the traits. To address this, we first tested whether 
the phenotypic covariance matrix of the traits affected by a QTL 
has fewer dimensions than the number of traits. As discussed in 
Supplementary Note 5, error variance has the effect of inflating the 
dimensionality of a covariance matrix. To correct for this effect, we 
implemented an adjusted bootstrap procedure that uses an estimated 
error threshold to test for the dimensionality of the covariance matrix 
(see Supplementary Methods). All QTLs except one affect sets of 
characters that have full dimensionality according to this criterion. 
Another way of assessing the effect of trait correlations on our result 
is to estimate an ‘effective number of traits’, Nog. We propose to use 
the following simple equation (see Supplementary Note 4) 


Ne =N —Var( 4) 


where Var(/) is the variance of the eigenvalues of the error-corrected 
correlation matrix. Figure 1d gives the result with QTL effects T and 
the effective number of traits. Again there is a significant positive 
relationship (linear regression coefficient t= 10.99, P<0.0001; 
F199 = 548.7, P < 0.0001). We therefore conclude that the total effect 
ofa pleiotropic mutation increases with the degree of pleiotropy, even 
when correlations between traits are taken into account. Regressing 
weight-corrected mutational effects on effective trait number (Supple- 
mentary Fig. 4) still gives a positive relationship between mutation 
effects and degree of pleiotropy (t= 8.974, P=1.75 x 107"; 
F190 = 94.96, P= 3.59 X 10~"; R= 0.4819) but does not discri- 
minate between the linear and the square-root regression models. 
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The observed linear relationship between total effect size and the 
number of traits implies that the average mutational effect, per trait, 
is increasing with the square root of the degree of pleiotropy. 
Mutations with a high degree of pleiotropy have more substantial 
effects on each trait than mutations with a more limited degree of 
pleiotropy. This pattern is reminiscent of the decanalizing effects of 
major mutations'* except that in this case the alleles are not patho- 
logical, as other large effect alleles may be, but are part of the natural 
variation of the species. Inaddition, this effect is not due to the release 
of hidden genetic variation, which is a generic feature of genes with 
epistasis!®, We conclude that an increased degree of pleiotropy is 
accompanied by an increase in the overall phenotypic effects of muta- 
tions even among ‘minor effect’ alleles. 

These findings affect predictions about the consequences of com- 
plexity on evolvability in two ways. First, the reason that Fisher's geo- 
metric model suggests a decrease in evolvability with increasing 
number of traits (complexity) is that his and all studies following his 
approach assume that each mutation potentially affects all traits (“uni- 
versal pleiotropy’). Therefore with increasing complexity it becomes 
increasingly unlikely that all traits are affected by a mutation in a way 
that causes fitness to increase. However, the effects we detected in our 
study are not nearly as widely pleiotropic as assumed by the model of 
universal pleiotropy. QTL effects are more restricted to parts of the 
phenotype as suggested by the idea of variational modularity", Why 
this is so is unclear, but there is increasing evidence that natural selec- 
tion can change pleictropy such that evolvability increases'*. If, at any 
‘one time, only one or a few characters are maladapted, modularity 
increases evolvability'°. The second factor that was cited as leading 
to a lower evoWvability of complex organisms is the assumption of 
constant total effect’. This assumption was introduced to accommod- 
ate the fact that most mutations have small effects*’. In contrast, the 
euclidean superposition model with universal pleiotropy predicts that 
the probability of small-effect mutations becomes very small. Thisis so 
because if many charactersare affected by each mutation, then it would 
beunlikely that the total effect issmall. The constant-total-effect model, 
however, has the consequence that the average effect per character 
decreases and thus the rate of response to directional selection also 
decreases, leading to another cost of complexity prediction. 
However, our data show that the total effects of mutation actually 
increase with pleiotropy. It therefore seems that in real organisms the 
combination of restricted rather than universal pleiotropy, and increas- 
ing total effects, could be seen as evolution’s answer to the challenges of 
evolving complex organisms with random variation and selection. 


METHODS SUMMARY 
‘The experimental population results from an intercross of inbred mouse strains 
LG/J and SM/J"*, We measured 70 skeletal traits on 1,040 individuals of the F. 
generation (see Supplementary Table 1). QTLs were calculated by interval map- 
ping’, and correcting for multiple tests”. Tests for pleiotropy were per- 
formed"®, The additive effect of an allele is A=als.d., where a is half the 
difference between the homozygotes. The total effect of a QTLis T= 5A. 

To correct for the effects of selection on body size during the generation of 
inbred lines, we included body weight as a covariate in the course of interval 
mapping”. We determined the true dimensionality by comparing the eigenva- 
lues with the thresholds derived from known trait-specific measurement errors. 
For each QTL we constructed the phenotypic covariance matrix for the traits 
affected, and determined its eigenvalues and eigenvectors, The error threshold 
was estimated as the projection of the error variance onto the respective eigen- 
vector. The significance of the eigenvalue is estimated by a bootstrap procedure. 

We farther estimated the ‘effective number of traits’ by accounting for corre- 
lations between traits. The measured covariance matrix was corrected for mea- 
surement error by subtracting the error variances from the diagonal, From the 
corrected covariance matrix we calculated the eigenvalues of the correlation 
matrix. The variance of these eigenvalues was subtracted from the number of 
traits to obtain the effective dimensionality. 

‘To compare the fit of the data between linear and square-root regression we 
calculated the respective log-likelihood of the model from the regression resi- 
duals, assuming a normal distribution of residuals. We used the log-likelihood 
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ratio to estimate the ratio between model fits, We consider a log-likelihood ratio 
ofless than -3.0 to be ‘significantly’ better support for the particular model, 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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The Drosophila pheromone cVA activates a sexually 


dimorphic neural circuit 


Sandeep Robert Datta’*, Maria Luisa Vasconcelos’*, Vanessa Ruta’, Sean Luo’, Allan Wong'”, Ebru Demir’, 
Jorge Flores’, Karen Balonze’, Barry J. Dickson® & Richard Axel! 


Courtship is an innate sexually dimorphic behaviour that can be 
observed in naive animals without previous learning or experi- 
ence, suggesting that the neural circuits that mediate this beha- 
viour are developmentally programmed’. In Drosophila, courtship 
involvesa complex yet stereotyped array of dimorphic behaviours 
that are regulated by Fru”, a male-specific isoform of the fruitless 
gene’. Fru™is expressed in about 2,000 neurons in the fly brain, 
including three subpopulations of olfactory sensory neurons and 
projection neurons (PNs). One set of Fru* olfactory neurons 
expresses the odorant receptor Or67d and responds to the male- 
specific pheromone cis-vaccenyl acetate (CVA). These neurons 
converge on the DAI glomerulus in the antennal lobe. In males, 
activation of Or67d* neurons by cVA inhibits courtship of other 
males, whereas in females their activation promotes receptivity to 
other males’. These observations pose the question of how a single 
pheromone acting through the same set of sensory neurons can 
elicit different behaviours in male and female flies. Anatomical or 


functional dimorphisms in this neural circuit might be respon- 
sible for the dimorphic behaviour. We therefore developed a 
neural tracing procedure that employs two-photon laser scanning 
microscopy to activate the photoactivatable green fluorescent pro- 
tein". Here we show, using this technique, that the projections 
from the DA1 glomerulus to the protocerebrum are sexually 
dimorphic. We observe a male-specific axonal arbor in the lateral 
horn whose elaboration requires the expression of the transcrip- 
tion factor Fru” in DAI projection neurons and other Fru’ cells. 
The observation that cVA activates a sexually dimorphic circuit in 
the protocerebrum suggests a mechanism by whicha single phero- 
mone can elicit different behaviours in males and in females. 

In initial experiments, we expressed photoactivatable green fluore- 
scent protein (PA-GEP) in flies in which the GAL4 enhancer-trap 
GH146 (ref. 12) drives the expression of UAS-PA-GFP in 60% of the 
PNs that innervate most glomeruli in the antennal lobe (Fig. 1a, b). 
PA-GFP exhibits low-level fluorescence, sufficient to identify 


Figure 1| Tracing populations, subpopulations and single neurons in the 
Drosophila olfactory system. a, Z projection of a confocal image of a 
Drosophila brain (GH146; UAS-PA-GEP) stained with the nc82 antibody (red) 
reveals neuropil, and highlights structures in the olfactory system including 
the antennal lobe (AL; note individual glomeruli within the lobe), the lateral 
horn (LH) and the mushroom body calyx (MBC). D, dorsal; V, ventral; 

M, medial; L, lateral. b, Z projection ofa confocal image of the same brain in 
a stained with anti-GFP antibodies (green) reveals PA-GEP expression under 
the control of GH146in projection neurons (lateral PN group indicated by PN 
label) and extrinsic neurons that innervate the mushroom body (MB). ¢,d, Z 
projections of two-photon laser scanning microscope imaging of live fly brains 


expressing PA-GFP under control of the GH146 driver before (¢) and after 
(d) photoconversion reveals PN cell bodies and projections from the antennal 
lobe to the mushroom body and lateral horn. mACT, medial antennocerebral 
tract; iACT, inner antennocerebral tract. e, f, Photoconversion of a single 
glomerulus VM3 (e) or DAI (f) in the live fly brain with the GH146 driver. 
8; Photoconversion of a single GH146 DA1 PN. h, Photoconversion of the 
DAL glomerulus in flies expressing PA-GEP under the control of the Fru Pl 
promoter. Note that GH146 labels six lateral neurons that project through the 
iACT and one or two ventral PNs that project through the mACT, whereas 
fru“ labels only six lateral neurons that project through the iACT (see 
Supplementary Fig, 4). All images are oriented similarly to a. Scale bars, 10 um, 
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individual glomeruli, that is enhanced 100-fold after photoconver- 
sion with high-energy light. We photoactivated the PA-GFP with a 
two-photon laser scanning microscope to localize 710-nm light with 
submicrometre three-dimensional precision. Photoactivation of the 
antennal lobe neuropil, encompassing all glomeruli, results inintense 
labelling of the dendritic arbors of GH146PNs. Diffusion of PA-GEP 
from the illuminated dendritic arbors allowed us to also reveal the cell 
bodies and axonal projections of the multiple GH146PNs (Fig. 1c, d). 
Photoactivation of individual glomeruli (VM3 and DA1) reveals the 
dendritic arbors, cell bodies and projections of the subpopulation of 
GH146 PNs that innervate a single glomerulus (Fig. le, f). 

We then devised an approach to allow the tracing of individual 
PNs that innervate identified glomeruli. We exposed the DA1 glome- 
rulus to low levels of photoconverting light and then rapidly imaged 
the antennal lobe to identify the PN cell bodies that show modest 
increases in fluorescence intensity. Under these limiting conditions 
of photoactivation, diffusion of PA-GFP into axonal projections 
was not observed. We next strongly photoactivated a single weakly 
labeled PN cell body at higher light intensity to reveal the axonal 
projections of an individual PN that innervates the DA1 glomerulus 
(Fig. 1g). Thus, two-photon laser scanning microscope-mediated 
activation of PA-GEP provides sufficient spatial resolution and 
photoconversion energy to reveal the neuronal processes of defined 
neuronal populations as well as individual neurons in the fly brain. 

‘The development of a combined genetic and optical neural tracing 
method permitted us to compare the topography of projections from 
Fru* PNs that innervate the cVA-responsive DA] glomerulusin male 
and female flies. Fliesin which GAL4 is expressed under the control of 
the P1 fruitless promoter responsible for generating Fru™ (fru®“4)?# 
were crossed with flies harbouring the UAS-PA-GFP transgene. P1 
transcripts from the modified fru®*“ allele do not undergo the sexu- 
ally dimorphic splicing observed for the wild-type fru allele, and they 
therefore allow us to mark Fru* cells in both sexes**. Unilateral 
photoactivation of the fly brain reveals many Fru* cells, including 
neurons in the antennal lobe (Supplementary Fig. 1). Specific photo- 
activation of the DAI glomerulus reveals six Eru* PNs in both male 
and female flies (Fig. 1h and Supplementary Fig. 4; 6.23 +0.13 in 
females, 6.27 + 0.14 in males) that innervate this glomerulus. The cell 
bodies of these neurons reside in the lateral PN cluster, not the dorsal 
cluster as previously suggested’. 

It is possible that the sex-specific behavioural responses to CVA 
result from different functional responses of the DA1 glomerulus in 
the two sexes despite there being no apparent difference in the num- 
ber or location of Fru* DA1 PNs. We therefore expressed the Ca**- 
sensitive fluorescent protein GCaMP" in Fru* neurons and used 
two-photon imaging to examine increases in Ca** in the DAI glome- 
rulus in response to cVA. We detected large increases in Ca** within 
the DA1 glomerulus by two-photon imaging after exposure of an 
intact, behaving fly to cVA (Fig. 2a; see Methods). However, we 
did not observe any differences between male and female responses 
over a broad range of cVA concentrations. 

‘These imaging experiments report local changes in the concentra 
tion of Ca’* in both the presynapticand postsynaptic compartments, 
because both Or67d-expressing neurons and DAI PNs are Fru* (refs 
3,4,8,9). We therefore examined whether the electrophysiological 
properties of Fru* DA1 PNs were sexually dimorphic. We photo- 
activated the DA1 glomerulusto identify Fru® DA1 PNsand used the 
enhanced fluorescence to guide a patch electrode to the cell bodies 
(Fig. 2b). We recorded from Fru* DA1 PNs in the loose patch con- 
figuration in an intact fly preparation and noted no significant dif- 
ference in the spike frequency or response kinetics between males and 
females when tested at several concentrations of cVA (Fig. 2c, d). 
These responses are comparable to those previously observed in 
whole-cell recordings of female DA1 PNs'*. This result demonstrates 
that male and female DA1 PNs show similar electrophysiological 
responses to CVA despite the previously noted dimorphism in the 
size of the DA1 glomerulus’. 
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We next examined the projection patterns of Fru* DA1 PNsin the 
two sexes. Photoconversion of the DA1 glomerulus allowed us to 
reveal the projection pattems of the population of DA1 PNs in the 
lateral horn in living brains, Despite significant similarity in the 
axonal arbors of DA1 PNs in males and females (Fig. 3a), we observed 
an increase in the density of ventral axonal branches in the male 
(Fig. 3a, arrowhead). Quantification of differences in branch patterns 
in multiple individual male and female flies was hampered by varia- 
tions in the orientation of the live brain during microscopy. We 
therefore altered our approach to employ fixed brains stained with 
the antibody nc82 to label the synaptic neuropil of the lateral horn, 
We used an image registration algorithm (see Methods) to first 
‘warp’ the nc82 channel of individual brains onto a reference brain’* 
and then map the PA-GFP fluorescence onto this reference brain 
(Fig. 3b). The registration error averaged less than 2m in any 
dimension when measured at the neuropil edge (Supplementary 
Fig. 2). We observed that the projections from the DAI glomerulus 
target the anterior ventromedial region of the LH. The projection 
pattern is triskelion-shaped, with ventral, lateral and dorsal branches. 
Fru* DAI projections from males have additional axonal branches 
that extend ventromedially (Fig. 3c). Superposition of the DAI pro- 
jections taken from ten male and ten female flies confirms this obser- 
vation (Fig. 3d), indicating that information carried by Fru* DAI 
PNs is differentially segregated in the lateral horn of the two sexes. 
‘As a control we performed a similar analysis of the PN projections 
from the Fru” glomerulus VM3, which responds to alcohols and 
acetates**'”. Superposition of the projections from VM3 reveals no 
consistent differences in the pattem of axonal projections in the 
lateral horn between the two sexes (Fig. 3e, f). These observations 
show that our image alignment procedure does not introduce 
sex-specific biases in projection patterns and that the dimorphic 
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Figure 2 | Functional characterization of the DA1 glomerulus and Fru* DAT 
PNs. a, Two-photon laser scanning microscope imaging of background 
fluorescence (left) and pseudocoloured maximal response (middle) of the 
DAL glomerulus (arrow) and PNs (arrowhead) to cV Ain a fly expressing the 
fluorescent Ca’* reporter GCaMP in Fru” cells, Peak average glomerular 
responses of male (green) and female (red) flies after a l-s exposure to cVAat 
the indicated doses (left, n = 8 per sex; error bars indicate s.e.m.). 

b, Epifluorescence image of a patch pipette targeting a Fru” DAI PN after 
photoconversion of the DA1 glomerulus. c, d, Single traces (¢) and 
peristimulus time histograms (d) (error bars indicate s.e.m.; n= 6 per 
genotype) of loose patch recordings of male, femaleand fru mutant male flies 
(colours indicated in ¢) before and after a 1-s exposure to cVA at the doses 
indicated. 
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projection patterns we observe forthe Fru* glomerulus DA1 are nota 
general feature of projections from all glomeruli. 

The anatomical dimorphism observed at the level of the popu- 
lation of axons is also shown by the axons of single identified 
neurons. Tracing individual Fru* DAI neurons after warping 
revealed that the ventral axonal branches of male PNs define a 
male-specific region of protocerebral space (about 600 im’; Figs 4 
and 5a, and Supplementary Fig, 3). Each individual male in our data 
set sends at least one axon branch into this area. This area seems to 
partly overlap a region of neuropil in the lateral horn that was 
recently shown to be larger in male flies than in female flies'®. In 
addition, the total density of ventrally oriented axonal branches is 
significantly greater in males than in females (Fig. 5a). In contrast, the 
total innervation of the dorsal axonal arbor showed no statistically 
significant differences between sexes (Fig, 5a). We were unable to 
identify a similar female-specific area, although there are several 
smaller areas (particularly laterally) that appear to have an increased 
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Figure 3 | Tracing and registration of DA1 glomerular projections reveals 
sexually dimorphic projections in the lateral horn. a, Z projection of two- 
photon laser scanning microscope images of the lateral horns of live female 
(top) and male (bottom) fly brains after photoconversion of the DAI 
glomerulus. Apparent increased ventral male density is indicated by an 
arrowhead. b, Top left: two-channel brain image ofa singleneuron labelled by 
photoconversion (green) beforeimmunostaining with nc82 antibody (red) to 
mark neuropil. Top right: reference brain generated by averaging ten male 
and ten female nc82 channels. Bottom left: superposition of these images 
before warping Bottom right: superposition of these images after warping. 
¢, Superposition of male (green) and female (red) projections after 
photoconversion of all Fru” DAI PNsin single flies reveals a ventral region of 
sexual dimorphism (arrowhead). d, Superposition of ten male and ten female 
DAI projection patterns after photoconversion of all Fru* DAL PNs. 

e, Superposition of photoconverted male (green) and female (red) 
projections from the VM3 glomerulus in single flies, similar to c. Note that 
VMB typically labels two PNs, which travel in independent pathways through 
the iACT. f, Image similar to d, with superposition of seven male and seven 
female photoconverted VM3 projection patterns, Scale bars, 10 um. 
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density of female axons. The data from single-axon tracing, along 
with our observations from populations of DAI neurons, indicate 
that DA1 PN projections are sexually dimorphic. 

Fru mutant males court other males with high frequency”. If the 
male-specific arbor contributes to the dimorphic behavioural res- 
ponse, we expect that the DA1 PN projection patterns will be regu- 
lated by the fruitless gene. We therefore made visible the axonal 
projections of single DA1 PNs in fru mutant males, and observed 
that DA1 PNs lack the characteristic male-specific axonal branches 
and exhibit a branching pattem more characteristic of wild-type 
females. However, the feminization is not complete in that the 
male-specific ventral axonal branches are significantly reduced but 
not completely eliminated in fru mutant males (Figs 4 and 5a). Thus, 
the male pattern of projections of Fru’ DA1 PNs requires the male- 
specific isoform of fru, Fru. 

We also show that the ectopic expression of Fru™ in females mas- 
culinizes the axonal arbor of their DAI PNs. Projections of single 
Fru* DAI PNs in female flies that express Fru (fru! frsU45- Prom, 
see Methods) exhibit a striking increase in axonal projections to the 
ventral male-enhanced area (Fig. 4). Quantitative analysis of these 


Figure 4 | Fru™ controls sexually dimorphic pheromone response circuitry. 
a, Superposition of traces of single Fru* DAI PNs in Z projection (top) and 
after rotation about 120° about the Z axis (lower) projections. Genotypes 
(male, female) are coloured as indicated. Lateral and ventral correspond tox 
and y imaging axes, respectively; posterior corresponds to the z axis. 

b, Images as in a including three neurons of each genotype. ¢, Single and 
multiple neurons overlaid as in a and b in Z projection with genotypes (male, 
female, fru mutant male and female expressing Fru™) in the colours 
indicated. Arrowheads indicate the ventral region that shows enhanced male 
innervation. d, Superposition of traces of three MZI9 DAI PNs in Z 
projection, with genotypes (MZ19 male, MZ19 female, MZ19 male 
expressing Tra, MZ19 female expressing Fru™) in the colours indicated. 
Enhanced ventral male innervation isindicated by an arrowhead, Class I PNs 
are male neurons expressing Tra that have masculine arbors, whereas class II 
PNs have feminine arbors (see Supplementary Fig. 5). Scale bar, 10 um. 
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branches reveals that expression of Fru in females renders their 
ventral axon branch pattern statistically indistinguishable from that 
of males (Fig. 5). The innervation patterns of individual neurons are 
sufficient for a computational discrimination algorithm to effectively 
distinguish individual females from Fru™-expressing females with 
100% accuracy, and individual males from fru mutant males with 
more than 91% accuracy (Supplementary Fig. 3). Thus, analysis of 
the PN projections of both single defined neurons and populations of 
neurons reveal that Fru* DA1 PNs project to different regions of the 
protocerebrum in male and female flies. Moreover, this anatomical 
dimorphism in the neural circuit is controlled by the dimorphic 
transcription factor, Fru™, 

We next examined whether the formation of the male-specific 
arbor requires the action of Fru“ in DAI projection neurons. The 
enhancer-trap MZ19(refs 18,19) drives the expression of GAL4 in six 
DAI PNs, about ten additional PNs that innervate two Fru” glom- 
eruli, and 25 extrinsic neurons of the mushroom body (Supple. 
mentary Fig, 4a). Flies harbouring fru", MZ19 or MZ19;fru°*"* 
all reveal expression of PA-GEP in six DAI PNs (Supplementary 
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Figure 5 | Quantitative analysis of ventral male-enhanced region. a, Box 
plot of ventrally oriented branch density, male-specific branch density and 
dorsal branch density of individual traced fru neurons (see 
Supplementary Fig. 3 for a graphical illustration of the quantified regions) in 
arbitrary units, with genotypes as indicated. The medianis given by the box- 
plot waist, the top and bottom of boxes denote the 25th and 75th centiles, 
and range bars denote the largest and smallest data point within 2 s.d. of the 
mean; outliers greater than |.5-fold the interquartile range ate not shown 
(m= 12 males, n= 10 females, 1 = 10 females expressing Fru”, n = 9 fru 
mutant males). b, Analysis similar to that in a for MZ19 males (1 = 10), 
MZ19 females (n= 10), MZ19 males expressing Tra (n = 10) and MZ19 
females expressing Fru™ (n = 9), P values in both panels for relevant 
comparisons are shown by Wilcoxon pairwise rank sum test. 
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Fig. 4b). This suggests that the six lateral DAI neurons labelled 
by the MZ19 and fru°*™ lines are identical. In accord with this 
observation, male and female DAI neurons in MZ19 flies have a 
sexually dimorphic pattern of projections that closely resembles the 
dimorphic branching observed for Fru* DA1 PNs (Figs 4d and 5b, 
and Supplementary Figs 4a and 5). We therefore eliminated Fru 
expression in male MZ19 neurons by expression of Tra, which directs 
the female-specific splicing of fruitless transcripts”, Genetic femi- 
nization of male DA1 PNs in MZ19/UAS-tra flies results in two 
anatomical classes of DA1 projection neurons. Half of the genetically 
feminized DA1 PNs show a reduction in the male-specific arbor and 
closely resemble male DA1 projection neurons defective for Fru. 
The remaining genetically feminized neurons exhibit the wild-type 
male-specific branching patterns (Fig, 4d and Supplementary Fig. 5). 
Within a single male MZ19/UAS-tra fly, neurons of both anatomical 
classes were observed. These data suggest that Fru™ is required in 
DAI PNs to generate a male-specific projection pattern, butits action 
in this genetic context is partly penetrant. 

We have also examined whether the expression of Fru in female 
DAI PNs masculinizes the DA1 axon arbor. DAI PNs in female 
Mz19; fru”**"™ flies do not significantly innervate the male- 
specific area, although most send minor branches into the ventral 
region ofthe lateral horn (Figs 4d and Sb, and Supplementary Fig. 5). 
This is in contrast with observations with fru*/fru“S-"™ strains 
that exhibit a transformation of the female DA1 PN branching 
pattern into a complete male-specific arbor (Figs 4 and 5a). Taken 
together, these results suggest that Fru™ is required in both DAI PNs 
and in other Fru* neurons to generate the male-specific pattem of 
ventral axon arborization in the lateral hom. 

In Drosophila, courtship behaviour is governed by pheromonal 
excitation of peripheral olfactory pathways that ultimately activate 
behavioural circuits in higher brain centres. One pheromone elabo- 
rated by the male, cVA, suppresses male-male courtship but in 
females enhances receptivity to courting males’. cVA activates the 
DAI glomerulus, which is innervated by PNs™ that have sexually 
dimorphic projections in the lateral horn. This dimorphic circuit is 
under control of the transcription factor Fru, a male-specific iso- 
form of fruitless. Moreover, the dimorphism in this circuit correlates 
with behaviour. In males mutant for Fru™, cVA no longer suppresses 
male-male courtship and males exhibit a feminized pattem of DAI 
projections. In females that express Fru“, DA1 PNs exhibit a male 
pattern of axonal arbors in the lateral hom, and these females show 
reduced sexual receptivity (M.L.Y. and R.A., unpublished observa- 
tions). These observations are in accord with a mechanism in which 
the anatomical differences we observe in Fru* DA1 projection 
neurons contribute to the distinct behaviours elicited by cVA in 
the two sexes. In Drosophila, dimorphism in the Fru* $P2 (ref. 3) 
and mAL neurons® hasbeen observed, but the behavioural function 
of these circuits is unknown. 

‘The anatomical dimorphism we observe may be translated into a 
behavioural dimorphism if the connections between DA1 PNs and 
third-order neurons differ between the sexes. Third-order neurons 
whose dendrites innervate the ventral lateral horn may either receive 
greater input from male PNs or may restrict their synapses to the 
male-specific region of the DA1 axon arbor. The relatively small size 
of the male-specific arbor, about the volume of a glomerulus, implies 
a precision of connectivity in higher processing centres in the fly 
brain. The stereotyped and local precision of synaptic connections 
is an organizing principle in the antennal lobe and may be acommon 
feature of invertebrate nervous systems. 

Characterization of specific neural circuits that may mediate 
behaviour, as we describe here for the pheromone-responsive DA1 
pathway, requires the development of tracing approaches that label 
defined populations of neurons. The distinction between genetic 
approaches—induding MARCM”, Flp-Out®** and PA-GEP-based 
tracing—and the histological approaches of Golgi and Cajal” 100 
years ago is the ability to use genetic markers to identify partners 
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in the neural circuit more precisely. The targeted illumination of PA- 
GEP permits non-random, optically guided labelling of individual 
neurons from either anatomically or genetically defined subsets of 
neurons, Moreover, PA-GEP can be photoactivated in neurons in the 
living brain and allows electrophysiological recordings of labelled 
cells, This approach to neural tracing and recording in a defined 
circuit can be readily adapted to other brain regions in both the fly 
and mouse. 


METHODS SUMMARY 
In brief, PA-GEP-based neuronal tracing was performed with UAS-PA-GFP flies 
that were crossed to driver lines expressing Gal4 in specific subsets of neurons, 
Photoconversion of PA-GEP and tracing of glomerulus-specific projection 
neurons was achieved after first revealing PA-GEP background fluorescence at 
the imaging wavelength (925 nm) by two-photon microscopy with relatively 
high laser powers. These background images allowed the identification of 
glomeruli (and the specification of regions of interest within these glomeruli 
to target for photoconversion) on the basis of anatomical position. Because of 
unavoidable variability in our preparation, each glomerulus was initially sub- 
jected to one to three probe pulses of laser light at the photoconversion wave- 
length (710 nm) to establish empirically the minimum power (range 5~40 mW) 
required for the effective photoactivation of PA-GEP; this step prevented exces- 
sive photodamage or photobleaching of the PA-GFP. We then pulsed the tar- 
geted region with 710-nm light using a protocol that incorporated fixed waiting 
periods to permit the photoconverted PA-GEP to effectively diffuse out of the 
targeted area and label connected cell bodies and projections Single neurons 
were identified for targeted photoconversion by acquiring an initial background 
Z-stack before subjecting the brain to any photoconversion, and then applying 
‘one to three probe pulses of photoconverting710-nm light to the glomerulus of 
interest as described above. A second Z-stack was then acquired, and both 
Z-stacks were compared using the ImarisXT 3D image rendering software 
(Bitplane), Projection neurons whose fluorescence intensity was increased as a 
result of photoconversion of a glomerulus were identified, and their cell bodies 
were targeted for exposure to 710-nm light as described above, 

Detailed descriptions of fly stocks, two-photon microscopy, functional 
imaging, electrophysiology, image registration, image analysis and discriminator 
construction and analysis are given in the Supplementary Methods section. 
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Molecular identification of a retinal cell type that 
responds to upward motion 


In-Jung Kim", Yifeng Zhang'*, Masahito Yamagata’, Markus Meister’ & Joshua R. Sanes' 


The retina contains complex circuits of neurons that extract sali- 
ent information from visual inputs. Signals from photoreceptors 
are processed by retinal interneurons, integrated by retinal gan- 
glion cells (RGCs) and sent to the brain by RGC axons. Distinct 
typesof RGC respond to different visual features, such as increases 
or decreases in light intensity (ON and OFF cells, respectively), 
colour or moving objects'~*. Thus, RGCs comprise a set of parallel 
pathways from the eye to the brain. The identification of mole- 
cular markers for RGC subsets will facilitate attempts to correlate 
their structure with their function, assess their synaptic inputs and 
targets, and study their diversification. Here we show, by means of 
a transgenic marking method, thatjunctional adhesion molecule B 
(JAM-B) marks a previously unrecognized class of OFF RGCs in 
mice. These cells have asymmetric dendritic arbors aligned in a 
dorsal-to-ventral direction across the retina. Their receptive fields 
are also asymmetricand respond selectively to stimuli moving ina 
soma-to-dendrite direction; because the lens reverses the image of 
the world on the retina, these cells detect upward motion in the 
visual field. Thus, JAM-B identifies a unique population of RGCs 
in which structure corresponds remarkably to function. 

Several adhesion molecules of the immunoglobulin superfamily 
(IgSE) are selectively expressed by RGC subsets in chick®’, On the 
basis of these results, we surveyed the expression of about 200 IgSF 
genesin the mouse retina (see Methods). Onesuch gene, JAM-B, was 
expressed by a small fraction of RGCs (Fig, 1a). Analysis of whole 
mounts showed that the JAM-B-positive RGCs were spaced relatively 
evenly across the retina (Fig. 1b, c), a ‘mosaic’ arrangement char- 
acteristic of many retinal cell types that share specific physiological or 
molecular properties'**, JAM-B has been implicated in tight junc- 
tion assembly and interactions of haematopoietic cells, but expres- 
sion by neurons has not been reported’. 

To mark these cells for structural and functional study, we 
generated mice that express a ligand-activated Cre recombinase- 
oestrogen receptor fusion protein” (CreER) under the control of 
regulatory elements from the JAM-B gene (JAM-B-CreER; Fig. 1d). 
The rationale was as follows: JAM-Bis expressed at low levels, so that 
linking JAM-B regulatory sequences directly to a reporter might 
result in inadequate marking. Linking JAM-B regulatory elements 
to Cre recombinase can amplify the signal: such mice can be mated 
toa line!’ in which Cre-mediated excision ofa ‘stop’ cassette activates 
the strong expression of yellow fluorescent protein (‘Thy1-STOP— 
YEP). However, JAM-B is expressed in dynamic patterns in embryos, 
so in this scheme YFP would mark cells that expressed JAM-B tran- 
siently during development. The use of CreER circumvents this limi- 
tation, because it is only active for a short period after application of 
its activating ligand, tamoxifen". A few hundred RGCs per retina 
were marked in JAM-B-CreER;Thy1-STOP-YFP mice after tamo- 
xifen injection (Fig. 1e-h). Among the YFP-positive RGCs, at least 


90% of the YEP-positive RGCs expressed JAM-B (Supplementary 
Fig, 1). We refer to the YEP-positive RGCs as J-RGCs. 

Analysis of ]-RGCs revealed three notable structural features. First, 
their dendrites were restricted to a narrow band within the outer 
third of the IPL (Eig. le and Supplementary Fig. 2a). The IPL is 
divided into at least ten sublaminae, and physiological properties 
of RGCs are related to the sublaminae in which their dendrites arbo- 
rize'*"*, Dendrites of J-RGCs arborized in a narrow band between 
processes of dopaminergic and cholinergic amacrines”, indicating a 
sublaminar restriction (Fig. 1f) and suggesting that J-RGCs receive 
few synapses from these two amacrine classes, In contrast, processes 
of CD15-positive and AII amacrines did overlap with dendrites of 
J-RGCs (Supplementary Fig. 3) and may therefore provide input to 
them. 

Second, about 85% of J-RGCs had markedly asymmetric dendritic 
arbors (Fig. 1g). One or two primary dendrites emerged from the 
soma and branched repeatedly at acute angles to fill a narrow sector; 
more than 90% of the dendritic field area lay on one side of the soma. 
In contrast, the vast majority of RGCs have dendrites that radiate far 
more symmetrically about the soma'*"*. 

Third, and most remarkably, dendrites of asymmetric J-RGCs 
pointed in the same direction, slightly (about 13°) nasal of ventral 
(Fig. 1h, i). The dendritic orientation was longitudinal, from the 
dorsal to the ventral pole of the eye, instead of radial relative to the 
optic nerve head; this was most apparent after the correction of flat 
mounts for retinal curvature. The roughly 15% of J-RGCs that were 
not markedly asymmetrical were located near the dorsal and ventral 
margins of the retina (Fig, li). Therefore nearly all J-RGCs in central, 
nasal and temporal retina were asymmetric. Symmetric and asym- 
metric J-RGCs alike had dendrites confined to the outer part of the 
IPL (Supplementary Fig. 2). 

The morphology of J-RGCs led to two hypotheses about their 
function, First, studies combining electrical recording with dye- 
filling have revealed that RGCs with dendrites in the outer third of 
the IPL are excited predominantly by dimming of light in the recep- 
tive field centre (OFF-RGCs)'*", suggesting that J-RGCs are OFF 
cells. Second, the dendritic asymmetry raised the possibility that 
J-RGCs are sensitive to stimuli with a particular orientation or dir- 
ection. To test these ideas, we identified J-RGCs in retinal explants 
with fluorescence optics and recorded their visual responses. 

When probed with small flashing spots near the cell soma, almost 
all J-RGCs fired when the light turned off (Fig. 2a). By contrast, 
recordings from non-fluorescent RGCs in the same retinae yielded, 
as expected’, similar numbers of ON and OFF cells (Fig. 2b). 
Consistent with these physiological observations, processes of several 
classes of OFF bipolar cells!" were present in the same sublamina as 
J-RGC dendrites, whereas processes of ON bipolars overlapped only 
minimally with J-RGC dendrites (Fig, If and Supplementary Fig. 3). 
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Thus, J-RGCs are likely to receive inputs from OFF but not ON 
bipolar cells. Interestingly, J-RGCs failed to fire in response to some- 
what larger spots, and responded at light onset when they were larger 
still (Fig. 2c, d). Thus, the receptive field of J-RGCs is unusual"? in 
that the integrated strength of its ON surround exceeds that of the 
OFF centre. 

To probe the sensitivity of J-RGCs to motion, we moved a small 
spot through the receptive field centre in eight straight trajectories. 
The firing rate varied strongly with direction of motion (Fig. 2eand 


Dansity of colls (colls 


Figure 1| JAM-B marks a structurally unique subset of RGCs. a, In situ 
hybridization of sections from P7 retina with probes to JAM-B (red) and 
Thyl, a pan-RGCs marker® (green). Left, JAM-B alone; right, merge. 
JAM-B-positive cells are RGCs (arrows). ONL, outer nuclear layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
b, Regular spacing of JAM-B-expressing RGCs revealed by in situ 
hybridization in a whole mount. e, Density recovery profile analysis? of 
retinae such as that shown in b. The dotted line shows expectation for 
random distribution at the same overall density. d, Transgenic system for 
marking J-RGCs with YFP. CreER, tamoxifen-activated Cre; open 
triangles, loxP sites. e, J-RGCs labelled with YEP (green) in sections from a 
JAM-B-CreER:Thy1-STOP-YFP double transgenic mouse. Blue, 
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Supplementary Fig. 5). The preferred direction corresponded to the 
direction in which the dendritic tree pointed from the cell soma 
(Fig, 2f). Thus, in contrast to previously studied direction-selective 
RGCs, whose shape provides no due to their physiological selec- 
tivity“, the direction selectivity of J-RGCs is correlated with struc- 
tural asymmetry. 

To gain further insight into mechanisms underlying the direction- 
selectivity of J-RGCs, we measured their spatio-temporal receptive 
field by reverse correlation with randomly flickering bars (Fig. 3a, b). 
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fluorescent Nissl stain, Dendrites of J-RGCs arborize in the outer part of the 
IPL. Arrowheads, axon bundles. f, Double staining of sections such asthat in 
e shows that dendrites of J-RGCs arborize in a sublamina between those 
occupied by processes of amacrine cells positive for vesicular acetylcholine 
transporter (VACHT) and tyrosine hydroxylase (TH). Processes of bipolar 
calls positive for synaptotagmin-2 (Syt2) overlap with J-RGC dendrites. 
CaB5, calcium-binding protein 5. g, Asymmetric J-RGC from a whole 
mount. h, Micrograph of a whole-mounted retina, Arrowhead in g and 

h marks RGC axons. i, Sketch of another retina, showing orientation of 
J-RGC dendrites (arrows). Blue stars show cells with symmetric dendrites at 
the dorsal and ventral margins. White star, optic nerve head. D, dorsal; V, 
ventral; N, nasal; T, temporal, Scale bar, 50 j1m (a, b, e, g-i) and 20;tm (f). 
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With the help ofa ‘linear-nonlinear’ model”, this receptive field was 
used to predict the cell’s response to moving spots. The predicted 
direction selectivity matched the measurements (Supplementary Fig. 
4), motivating further analysis of the receptive field for features that 
shape direction selectivity. 

First, the ON-surround is markedly asymmetric, shifted in the 
preferred direction relative to the centre (Fig, 3d, e). In addition, 
the receptive field centre has a strongly biphasic time course: a dis- 
tinct OFF lobe with an ON overshoot at longer latency (Fig. 3c). The 
ON overshoot of the centre and the ON surround together form a 
slanted feature in the space-time plane (Fig. 3b). A bright spot tra- 
velling in the preferred direction at the appropriate speed passes 
through both these regions, and the time delay of the centre produces 
superposition of the two excitations and an enhanced response’'. 
This explains why an OFF-type neuron can be highly direction- 
selective for bright spots (Fig. 2e). Second, the OFF centre itself is 
also slanted in the space-time plane (Fig. 3b), which similarly renders 
dark spots more effective when moving in the preferred direction 
than when moving in the null direction. The space-time slope of the 
OFF centre, and thus the preferred speed for spot movement, is 
considerably greater than that of theslanted ON feature. Indeed, dark 
spots give the most direction-selective response at high speeds, 
whereas bright spots do so at low speeds (Supplementary Fig. 5). 
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Figure 2 | /RGCs are direction-selective OFF cells. a, Recording from a 
J-RGC during stimulation with a flashing spot 345 jum in diameter centred 
on the receptive field. b, Summary of response types encountered among 52 
JRGCs (green) and 32 YFP-negative RGCs probed with a flashing spot. 

, Recording from a J-RGC with a flashing spot of increasing diameter, 

d, Average response of ]-RGCs (means * s.e.m., 1 = 10) to stimulusseries in 
c. The graph shows number of spikes at light onset (ON response; open 
symbols) and offset (OFF response; filled symbols). e, Responses ofa J-RGC 
toa small spot moving in directions indicated by dotted lines from the centre 
(white spot, 115 um diameter, 575 ums; see Supplementary Fig. 5 for 
results with black spots). The average responses are displayed in a polar plot. 
‘The bold red line indicates the preferred direction, computed as the vector 
sum of the eight responses; the green line indicates the direction of the 
dendritic arbor. f, Relationship between dendritic asymmetry and direction 
selectivity of 12 J-RGCs. The preferred direction (computed as in e) is 
plotted relative to the direction of the dendritic arbor, arbitrarily shown as, 
downward. The average preferred direction is indicated with the bold line. 
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Figure 3 | Asymmetries in J-RGC receptive fields correspond to dendritic 
asymmetries. a, Measurement of receptivefields. The stimulus was a strip of 
narrow bars centred on the recorded cell. Each bar flickered randomly and 
independently of the others. b, Spatio-temporal receptive field h(x,t) of one 
J-RGC, computed from responses to the stimulus ofa. For a bar at position x 
(vertical axis), a row in this graph reports the average intensity that occurred 
at time ¢ before a spike (horizontal axis): white, 0; red, positive; blue, 
negative. (x,t) approximates the firing rate elicited bya brief flash of light in 
bar x at time t, Two slanted features are indicated by dotted lines: one links 
the overshoot of the receptive field centre to the asymmetricsurround (left); 
the other results from space-time slant within the receptive field centre itself 
(right). A moving bar that follows such a trajectory triggers many 
contributions from h(x,t) that all have the same sign and thus elicit strong 
excitation. ¢, d, Time course (¢) and spatial profile (d) of the receptive field at 
locations indicated by arrows. e, Two-dimensional spatial profile of the 
receptive field, obtained by interpolating data from four separate 
experiments with the grating strips (a) rotated at 45° increments. Arrow, 
preferred direction for spots; cross, location of cell body. f, Relation of 
functional asymmetries of J-RGCs to the direction of their dendrites (at 0°): 
the preferred direction for moving spots (PD), the direction of movement 
within the receptive field centre (RC), and the direction of displacement of 
the receptive field surround (RS). Lines, individual cells; cirdes, 

means + s.d. g, Responses from a J-RGC with symmetrical dendrites at the 
ventral border of theretina, presented as in Fig, 2e. h, i, Direction selectivity 
and surround asymmetry of J-RGCs with asymmetrical and symmetrical 
dendrites, Direction selectivity is an index for asymmetry in the polar plot of 
moving spot responses (Fig, 2e), Surround asymmetry is an index for 
displacement of the ON surround relative to the OFF centre (@). Lines, 
individual cells; circles, means * s.e.m. 
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In summary, J-RGCs show three functional asymmetries: the dir- 
ection in which the receptive field surround is displaced (Fig. 3e), 
the space-time slant within the receptive field centre (Fig. 3b), and the 
preferred direction for spot movement (Fig. 2e), These three direc- 
tions matched closely and coincided with the anatomical orientation 
of the dendritic arbor (Fig. 3f). 

Does the direction selectivity of -RGCs result from their structural 
asymmetry? To explore this relationship, we took advantage of the 
structurally symmetrical J-RGCs in ventral retina (Fig. li). These 
cells had no apparent preferred direction of movement and a rela- 
tively symmetrical ON surround (Fig, 3g-i). Moreover, across the 
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Figure 4 | Numbers and central projections of J+RGCs. a, The number of 
putative OFF RGCs with asymmetric morphology in mouse retina, reported 
in previous studies (A, RGC-C6 in ref, 145 B, type 6 in ref. 15; C, MSa in ref, 
16) is similar tothe number of J-RGCs estimated from JAM-B-CreER;Thy1- 
STOP-YEP double transgenic mice (D) or in situ hybridization JAM-B 
cells/Thy1+ cells in E; JAM-B cells/NissI* cells in F, based on total cell 
number in ref. 30). b, Fig. 6 from ref. 24 (reproduced with permission of the 
American Physiological Society), showing preference of movement-sensitive 
cells in mouse superior colliculus for upward motion. ¢, Retinorecipient 
structures that were (green) or were not (black) innervated by J-RGCs, 
determined as in d. dLGN, dorsal lateral geniculate nucleus; vLGN, ventral 
LGN; MTN, medial temporal nucleus; PO, preoptic area; SC, superior 
colliculus; SCN, suprachiasmatic nucleus. d, Coronal section through 
superior colliculus of a JAM-B-CreER;Thyl -STOP-YEP mouse after 
monocular enucleation and cholera toxin injection. Top: axons of J-RGCs 
from the intact eye project to the SC. Bottom: overlay of J-RGC axons 
(green), all RGC axons (marked by cholera toxin, red) and cell bodies (blue). 
SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum 
griseum intermedium. e, High-magnification views of J-RGC axons in 
superior colliculus. Left, group of arbors; tight, single arbor. f, Coronal 
section through superior colliculus of a JAM-B-CreER;CAG-STOP-wheat- 
germ agglutinin (WGA) double-transgenicmouse. Enucleation and cholera 
toxin injection were as in d. g-i, WGA immunoreactivity in areas indicated 
by boxes in f (g, h) and in the opposite colliculus (i). Scale bars, 200 jum 
(d, f) and 50 um (e, g-i). 
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entire J-RGC population, the degree of direction selectivity was 
correlated with the degree of asymmetry of the receptive field 
(Supplementary Fig. 6). Thus, within a single molecularly defined 
class of OFF-RGCs, dendritic structure and cell function are closely 
linked, suggesting that the latter arises from the former. 

Noting that J-RGCs point ina single direction, we considered the 
possibility that other asymmetric OFF RGCs point in other direc- 
tions. We therefore compared the number of J-RGCs with the total 
number of RGCs with asymmetric dendrites in OFF sublaminae. 
Three previous catalogues ofmouse RGCs"“"* noted and named such 
cells. They were studied in sparsely labelled retinae, so the uniformity 
of their asymmetry was not realized, but it seems likely that they 
included J-RGCs. They comprised 5% of RGCs reconstructed in 
the three studies (40 out of 782; Fig, 4a), The fraction of RGCs that 
were JAM-B-positive was also about 5%, on the basis of in situ 
hybridization and YEP staining (Fig. 4a). The correspondence of 
these two numbers suggests that no sizable populations of OFF 
RGCs exist with asymmetric dendrites pointing in directions other 
than dorsal-to-ventral. 

Where in the brain do J-RGCs send this directional information? 
We used YFP to trace the axons of J-RGCs. The entire retinal pro- 
jection was labelled by injecting one eye with an anterograde tracer”, 
allowing us to identify all retinorecipient nuclei (Fig, 4c), YEP- 
positive axons in these nuclei were of retinal origin, as shown by 
their absence after enucleation (Fig. 4d). J-RGCs projected most 
heavily to the superior colliculus (Fig. 4c-e), the major retinoreci- 
pient structure in mice**. Some J-RGCs also projected to the dorsal 
lateral geniculate nucleus. In contrast, we detected no J-RGCs in the 
pretectal nucleus, in the ventral nucleus of the lateral geniculate body 
or in the accessory optic system (Fig. 4c and Supplementary Fig. 7). 
The accessory optic system is a major site to which other direction- 
selective RGCs project™. 

The collicular termination of J-RGCs is intriguing in light of a 
study in which Drager and Hubel mapped the receptive fields of 
neurons in the superior colliculus of the mouse™. Nearly all of the 
direction-sdective neurons they studied (35 out of 38) preferred 
upward motion in the visual field (Fig. 4b). This preference corre- 
sponds to that of J-RGCs. Drager and Hubel further noted that the 
highest densities of direction-selective cells in the colliculus were in 
two layers, the stratum opticum and intermediate grey layer™. To ask 
whether J-RGCs synapse on cells in these layers, we mated JAM-B- 
CreER mice to a transgenic line in which Cre-mediated recombina- 
tion activates expression of the trans-synaptic tracer wheat-germ 
agglutinin®. Wheat-germ agglutinin immunoreactivity was detected 
in neurons of the stratum opticum and intermediate grey layer 
(Fig. 4£i). We therefore propose that the receptive fields of 
direction-sdlective collicular cells are built from J-RGCs. 

We have used a molecular strategy to identify J-RGCs, which differ 
in several respects from previously described direction-selective 
RGCs**. First, direction-selective OFF RGCs (Fig. 2a, b) have not 
previously been reported in mammals, although structurally asym- 
metrical orientation-selective RGCs present in rabbits* might be 
related to J-RGCs. Second, whereas no morphological feature pre- 
dicted the preferred direction of previously described direction- 
selective RGCs, the orientation of the dendritic arbor is correlated 
with the preferred direction in J-RGCs (Figs 1h and 2f). Third, 
direction-selective ON and ON-OFF RGCs exist in multiple sub- 
classes with distinct preferred directions’’, but direction-selective 
J-RGCs share a single preferred direction (Fig. 2f). Last, whereas 
the selectivity of other direction-selective RGCs depends on input 
from starburst amacrine cells, which themselves show directional 
responses’, J-RGCs receive little input from these cells (Fig. le) 
and thus must rely on other mechanisms. One possible mechanism 
is suggested by the finding that inhibitory synapses on some RGCs 
are concentrated at distal dendrites**. Distal inhibition on the asym- 
metric dendrites of J-RGCs could account for their asymmetrically 
displaced surround. 
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One outstanding question is why the mouse has invested so heavily 
in sensitivity to upward motion. We have been no more successful 
than Drager and Hubel” in guessing what that significance might be. 
By mating JAM-B-CreER mice to other transgenics bearing appro- 
priate Cre-activated channels or toxins, we may be able to inactivate 
this pathway and thereby directly test its function. 


METHODS SUMMARY 


We obtained sequences of IgSF genes from public databases, and assessed their 
expression in postnatal retina by in situ hybridization” and RT-PCR. A con 
struct in which regulatory sequences from the mouse JAM-B gene drove the 
expression of CreER was used to generate transgenic mice, These mice were 
mated to mice in which the expression of reporters'"5 depended on Cre- 
mediated excision of STOP sequences. Staining protocols and antibodies used 
are detailed in Supplementary Methods. 

To record visual responses from J-RGCs, we localized the cells by brief excita- 
tion (about 100-200 ms) witha bluelight-emitting diode (LED) so theycouldbe 
targeted with a cell-attached patch electrode, Light stimuli of photopic intensity 
were delivered by a computer-driven video projector. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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CO, regulator SLAC1 and its homologues are 
essential for anion homeostasis in plant cells 


Juntaro Negi’, Osamu Matsuda’, Takashi Nagasawa’, Yasuhiro Oba’, Hideyuki Takahashi°, Maki Kawai-Yamada’, 


Hirofumi Uchimiya”’, Mimi Hashimoto! & Koh Iba’ 


The continuing rise in atmospheric [CO,] is predicted to have 
diverse and dramatic effects on the productivity of agriculture, 
plant ecosystems and gas exchange’. Stomatal pores in the epi- 
dermis provide gates for the exchange of CO, and water between 
plants and the atmosphere, processes vital to plant life**. 
Increased [CO,] has been shown to enhance anion channel acti- 
vity’ proposed to mediate efflux of osmoregulatory anions (CI” 
and malate’) from guard cells during stomatal closure®’. 
However, the genes encoding anion efflux channels in plant 
plasma membranes remain unknown. Here we report theisolation 
of an Arabidopsis gene, SLAC] (SLOW ANION CHANNEL- 
ASSOCIATED 1, Atlg12480), which mediates CO; sensitivity in 
regulation of plant gas exchange. The SLAC] protein is a distant 
homologue of bacterial and fungal C4-dicarboxylate transporters, 
and is localized specifically to the plasma membrane of guard cells. 
It belongs to a protein family that in Arabidopsis consists of four 
structurally related members that are common in their plasma 
membrane localization, but show distinct tissue-specific expres- 
sion patterns. The loss-of-function mutation in SLACI was accom- 
panied by an over-accumulation of the osmoregulatory anions in 
guard cell protoplasts. Guard-cell-specific expression of SLAC] or 
its family members resulted in restoration of the wild-type stoma- 
tal responses, including CO, sensitivity, and also in the dissipation 
of the over-accumulated anions. These results suggest that SLACI- 
family proteins have an evolutionarily conserved function that is 
required for the maintenance of organic/inorganic anion homeo- 
stasis on the cellular level. 

Leaf temperature provides a convenient indicator of transpiration 
and can be used to detect mutant phenotypes with altered stomatal 
control'*?, We isolated a mutant, cdi3 (carbon dioxide insensitive 
3), impaired in COy-dependent leaf temperature change, from 
approximately 30,000 ethyl methanesulfonate (EMS)-mutagenized 
Arabidopsis plants of an M2 population (one generations after muta 
genesis). This mutant was allelic to slacl-J (ref. 14) and designated as 
slacl-2, In this mutant, high [CO,]-induced increase in leaf temper- 
ature (Fig. 1a) as well as stomatal closure (Fig. Ib) were inhibited. 
Abscisic acid (ABA) and darkness are signals triggering stomatal 
closure; slacI-2 stomata exhibited a strong insensitivity to ABA 
(Fig. 1c) and a reduced sensitivity to darkness (Fig. 1d). The slacl- 
2 mutant was also defective in regulation of transpiration in response 
to drought stress (Supplementary Fig. 1). Similar results were 
obtained from the analysis of a transfer DNA (T-DNA) insertion 
allele slacl-3 (SALK_099139) (Fig. 1 and Supplementary Fig. 1). 

The SLACI locus was mapped to a location between two 
Cereon single-nucleotide-polymorphism markers, CER474602 and 
CER474506, on chromosome 1 (Supplementary Fig. 2). Sequencing 
of this 79-kilobase (kb) region revealed that an open reading frame, 


Atlg12480, harboured a point mutation at nucleotide 656 in the 
slacl-2 mutant that resulted in a Gly194-to-Asp substitution 
(G194D) (Fig. le). We transformed slacl-2 plants with a 4.38-kb 
genomic fragment, including Atlgl2480 (slacl-2/SLACI). Four 
independent homozygous slaci-2/SLAC] lines showed slac] com- 
plementation, as was evident from normal CO;-dependent leaf 
temperature changes (Fig. 1a), A similar result was obtained in 
slacl-2/p35S::SLACI lines, in which the SLAC] complementary 
DNA was expressed under the control of the cauliflower mosaic virus 
35S promoter. Thus, At1g12480 corresponds to the SLACI gene. 
Comparison of the cDNA with genomic sequences revealed that 
SLAC has three exons (Fig. 1e). SLACI was predicted to encode a 
polypeptide of 557 amino acids containing ten putative transmem- 
brane domains. The mutation found in slac]-2 was located within the 
first transmembrane domain (Fig. le). The Gly 194-to-Asp substi- 
tution seems to disrupt proper conformation of SLACI; it causes 
an introduction of a hydrophilic amino acid (Asp) into the highly 
hydrophobic transmembrane region. 

To examine the subcellular localization and_ tissue-specific 
expression patterns of SLACI, we used the SLACI promoter 
(pSLACI) to drive expression of the GUS reporter (pSLACI::GUS) 
and the translational fusion of full-length SLAC1 protein and green 
fluorescent protein (GEP) (pSLACI:SLACI-GFP). The latter con- 
struct complemented the Slacl phenotype, indicating that the 
SLACI-GFP fusion protein is functional (Supplementary Fig. 3). 
GUS activity in the pSLACI::GUS transformants was confined to 
guard cells (Fig. 2b). Using PCR with reverse transcription (RT- 
PCR) analysis, SLACI messenger RNA also was detected in guard 
cells (Supplementary Fig, 4b). SLACI-GEP wes localized to the cell 
surface, whereas GFP alone was localized to the nucleus and cytosol 
(Fig. 2a). The GFP fusion of the vacuolar marker Arabidopsis VAM3 
protein, a member of the syntaxin family, served to distinguish 
tonophst and plasma membranes (Fig. 2a). Together with the pre- 
sence of transmembrane domains, these results demonstrated that 
SLAC1 is a plasma-membrane-localized protein of guard cells. 

According to database annotations, the SLACI protein possesses 
features of the C4-dicarboxylatetransporter family (TDT transporter 
family)!®. One member of this family, Mael of Schizosaccharomyces 
pombe, has been functionally characterized as a malate uptake trans- 
porter’”. Although the sequence similarity is relatively low between 
the SLAC] and Mael proteins (approximately 20% amino acid iden- 
tity)", the facts that malate” is the osmoregulatory organic anion for 
stomatal opening!®”° and that the slacl mutation causes a constitu- 
tive stomatal opening phenotype (Fig, 1b-d) raise a plausible hypo- 
thesis: SLAC1 might provide a gate for malate” transport across the 
guard-cell plasma membrane, To test the idea, we measured C4- 
dicarboxylate contents in guard cell protoplasts (GCPs). There was 
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no difference in succinate contents between slacl-2 and wild-type 
GCPs, In contrast, in slacl-2 GCPs, significantly higher contents of 
malate and fumarate were found compared with wild-type GCPs 
(Fig. 3a). Although the relative contribution of fumarate accumula- 
tion to stomatal movement is uncertain, these results suggest that 
SLACL is involved in the regulation of organic anion homeostasis in 
guard cells, In addition to organic anions, inorganic ions such as K* 
and CI are important factors in guard cell osmoregulation and sto- 
matal movement**, Wetherefore measured inorganic ion contentsin 
GCPs (Fig, 3b); whereas Na* levels were similar in wild-type and 
slacl-2 GPs, slacl-2 exhibited significantly higher contents of K* 
and CI, One possible explanation for this result is that the over- 
accumulation of Cl and organic anions caused a corresponding 
increase in the levels of K* to maintain charge balance**. Similar 
results were obtained from the analysis of slacl-3 GCPs (Supple- 
mentary Fig. 5). These results suggested that SLACI controls organic 
and inorganic ion homeostasisin guard cells, whichis consistent with 
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the deficiency in stomatal closure in slacl mutants (Fig. Ib-d) and 
with its localization in the plasma membrane (Fig. 2a). 

In addition to SLACI, three related genes, here designated as 
SLAC] HOMOLOGUES (SLAHS), are present in the Arabidopsis 
genome (see Methods Summary). The corresponding proteins were 
40-50% identical to SLAC] (Fig. le). Like SLAC], SLAHs were loca- 
lized to the plasma membrane (Fig, 2c). RT-PCR and histochemical 
GUS analysis revealed that none of the SLAHs was expressed in guard 
cells (Fig. 2b and Supplementary Fig. 4b). Interestingly, SLAH1 
(Atl g62280) and SLAH3 (At5g24030) can complement the CO,- 
insensitive and organic/inorganic ion accumulation phenotypes of 
slacl-2 when expressed under the control of the SLAC] guard-cell- 
specific promoter (Figs 1 and 3). The expression of pSLAC1::SLAH 
transgenes in guard cells was confirmed by RT-PCR analysis 
(Supplementary Fig. 4b). These findings demonstrated that SLACI, 
SLAH1 and SLAH3 have conserved functions but are tissue-specific 
in Arabidopsis, with only SLAC] having a role in stomatal movement. 
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Figure 1| The slact mutations impair CO,-, ABA- and dark-induced 
stomatal closure. a, Thermal images of Arabidopsis subjected to low 

(100 parts per million, p.p.m.) and high (700 p.p.m.) atmospheric [CO3]. 
‘The subtractive images show changes in leaf temperature in response to the 
transfer from low to high [CO,] conditions. Two slact mutants (slacl-2 and 
slac1-3) show CO,-insensitive, constitutive low-temperature phenotypes. 
Guard-cell-specific expression of SLACI or its family members SLAHI or 
SLAH3, but not SLAH2, resulted in restoration of the CO)-responsive 
change in leaf temperature. WT, wild type. The transgene structure used for 
guard-cell-specific expression is illustrated in Supplementary Fig. 4a. 

b-d, Stomatal aperture in the wild-type, slacl mutants and the transgenic 
slac1-2 plants. Stomata in the wild type close in response to high [CO] 
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(b), ABA (c) and darkness (d), whereas those in the slacl mutants fail to 
respond to these signals. The stomatal CO, response was restored in 
transformants expressing SLACI, SLAH1 or SLAHG in the guard cells. 
Values are shown as mean + s.e. (n= 60) of three independent experiments. 
e, Genomic structures of SLAC! and its Arabidopsis homologues (SLAHs). 
The slacl-2 mutation leading to a Gly 194-to-Asp substitution and the 
T-DNA insertional mutation in slac1-3 are indicated (right). The 
phylogenetic relationship of the four SLACI-family proteins and S. pombe 
‘Mae! was predicted on the basis of their primary structures (left). The 
nucleotide positions encoding potential transmembrane helices were 
predicted using the TMHMM algorithm”. 
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In contrast, SLAH2 (At4g27970) does not seem to substitute for 
SLACI function in guard cells, The SLAC] protein has more than 
70% amino acid similarity with other SLAHs over the transmem- 
brane region'*. The hydrophobicity of the fifth transmembrane 
region is high in SLAH2 relative to other SLACI-family proteins 
(Eig. 1e), as predicted by the TMHMM algorithm”, a widely used 
algorithm for prediction of transmembrane helices base on a hidden 
Markov model. This might provide an explanation for the functional 
divergence between SLAH2 and other SLACI-family proteins, 
Malate and CI efflux from guard cells by means of anion chan- 
nels has been proposed to mediate membrane depolarization of 
guard cells’, which in turn is essential for driving K* efflux from 
guard cells during stomatal closure“®, However, no genes encoding 
anion channels involved in stomatal closure or plant-plasma- 
membrane-localized anion channels in general have been identified 
so far. A plant homologue of the mammalian CLC anion channels 
encodes a tonoplast H*/nitrate exchanger. In this study, we 
demonstrated that plasma-membrane-localized SLAC1 controls 
guard-cell anion homeostasis (Fig. 3) as well as stomatal closure 
(Fig. Ib-d). The SLACI protein might participate in the control of 
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Figure 2 | Tissue-specific expressionand subcellular localization of SLACI- 
family proteins. a, Plasma membrane localization of SLACI in guard cells. 
Expression of SLACI-GFP fusion protein resulted in functional 
complementation of the CO,-insensitive phenotype of the slacI-2 mutant 
(Supplementary Fig. 3). The guard-cell-specific distribution of GFP 
fluorescence was distinct in the SLACI-GEP plants from that in transgenic 
plants expressing native GEP or in GEP-VAN3 transformants (tonoplast, 
control). b, Expression of SLAC] was confined to guard cells,as evidenced by 
histochemical GUS staining of pSLACI::GUS transformants. Expression of 
the three SLAH genes occurred at lateral root primordia and tap root tips 
(SLAH2) and in the vascular systems of root (SLAH1) or whole-plant 
(SLAH3) tissues, but was absent from guard cells. c, Transient expression of 
SLACI-GFP in onion epidermis corroborated the plasma membrane 
localization of the SLAC1 protein, The GEP fluorescence from SLAH-GEP 
fusion proteins also was targeted to the periphery of epidermal cells. 
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anion fluxes across the plasma membrane of guard cells, thus pro- 
viding starting point for future studies into the molecular nature of 
the anion transporters involved. 

To analyse SLACI functionally, we attempted heterologous 
expression and characterization of the gene product. However, 
introduction of the SLAC] cDNA clone into the yeast mae] mutant 
did not rescue the malate-uptake-deficient phenotype of the 
mutant. When SLAC] was expressed in Xenopus oocytes, no 
SLAC1-dependent ion current could be observed, However, it has 
to be stressed that the functionality of a plant channel/transporter 
protein in heterologous systems might depend on the presence of 
appropriate regulators. Similar to results described for the plant 
potassium transporter AKT1 (ref. 23), co-expression of plant 
regulatory proteins might be a prerequisite for SLAC1 function in 
heterologous systems, Identification of proteins that interact with 
SLACI will help to address this possibility. 

SLACI-family members exhibit distinctive expression patterns 
(Fig, 2b). Atleasttwo SLACI homologues mimicked SLAC] function 
when expressed ectopically in guard cells (Figs | and 3). In terrestrial 
angiosperms, anion currents have been reported in the plasma 
membrane of various cell types****°, The expression patterns of 
SLAHI and SLAH3 (Fig. 2b) are suggestive of an involvement in 
anion-flux regulation as related to vascular cell anion homeostasis. 
Thus, the illumination of the modes of action and regulation of the 
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Figure 3 | Implication of SLAC1-family proteins in the maintenance of ion 
homeostasis across the plant plasma membranes. GCPs were isolated from 
leaf epidermis of the wild-type (WT), slacl-2 mutant and the transgenic 
slac1-2 plants. Organic/inorganic ion levels were quantified after 
illuminating the GCPs with white lights (80 1mol m™~ s™ for Lh) sufficient 
to induce the swelling of GCPs and stomatal opening in intact leaves.a, The 
high level of stomatal aperture in the slacl-2 mutant (Fig. 1b-d) was 
correlated with over-accumulation of two major C4-dicarboxylate 
compounds, malate and fumarate. Guard-cell-specific expression of SLACI, 
SLAH1 or SLAH3 in the mutant prevented this over-accumulation. Values 
are shown as mean * s.d. (n = 10) for the wildtype and slacl-2 mutant, and 
mean + s.d. (n = 4) for each transgenic line. b, The over-accumulation of 
C#-dicarboxylate compounds was accompanied by a corresponding increase 
in the levels of Cl-and K*, the major osmoregulatory inorganic ions for 
stomatal movement. Values are shown as mean * sd. (n= 4). 


485 


LETTERS 


SLACI-family proteins promises to further our understanding of 
essential processes in plant anion transport. 


METHODS SUMMARY 

All lines of Arabidopsis described here were descended from the Columbia wild 
nic plants were generated using Agrobacterium-mediated trans- 
ansient delivery of GFP constructs into onion epidermis was per- 
formed using a biolistic device. Plants were routinely grown at 22°C under 
continuous white lights (80pmolmrs“) unless otherwise described. The 
slacl-2 mutant was isolated through thermal imaging of leaf temperature". 
Stomatal aperture in response to environmental signals was analysed using epi- 
dermal peels prepared from 4- to 5-week-old plants. GCPs were isolated from 
blended leaf tissues by rounds of enzymatic digestion, nylon mesh filtration, and 
density gradient centrifugation, with a resulting purity of around 99%. Ionic 
compounds in the GCPs were extracted by boiling followed by centrifugal 
membrane filtration. Separation of organic anions was performed by high- 
performance liquid chromatography. Inorganic ions were separated using 
an ion chromatography system, For inorganic anion analysis, an electrolytic 
suppressor device was used. The contents of each ionic compound were esti- 
mated based on electroconductivity of eluates. A new SLACI-family member, 
‘Atlg62262, was added in TAIR’s new genome release, version 7 (23 April 2007). 
In the present study, we analysed the three SLAC] homologues (SLAHI, SLAH2 
and SLAH3) available in the previous genome release (11 November 2005), 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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SLAC1 is required for plant guard cell S-type anion 
channel function in stomatal signalling 


Triin Vahisalu'**, Hannes Kollist’**, Yong-Fei Wang**, Noriyuki Nishimura’, Wai-Yin Chan‘, Gabriel Valerio’, 


Airi Lamminmaki’, Mikael Brosché’, Heino Moldau*, Radhika Desikan°+, Julian |. Schroeder’ & Jaakko Kangasj 


Stomatal pores, formed by two surrounding guard cells in the 
epidermis of plant leaves, allow influx of atmospheric carbon 
dioxide in exchange for transpirational water loss. Stomata also 
restrict the entry of ozone — an important air pollutant that has an 
increasingly negative impact on crop yields, and thus global car- 
bon fixation’ and climate change”. The aperture of stomatal pores 
is regulated by the transport of osmotically active ions and meta- 
bolites across guard cell membranes. Despite the vital role of 
guard cells in controlling plant water loss*, ozone sensitivity’? 
and CO, supply**”, the genes encoding some of the main regula- 
tors of stomatal movements remain unknown. It has been pro- 
posed that guard cell anion channels function as important 
regulators of stomatal closure and are essential in mediating sto- 
matal responses to physiological and stress stimuli***. However, 
the genes encoding membrane proteins that mediate guard cell 
anion efflux have not yet been identified. Here we report the 
mapping and characterization of an ozone-sensitive Arabidopsis 
thaliana mutant, slacl. We show that SLAC] (SLOW ANION 
CHANNEL-ASSOCIATED 1) is preferentially expressed in guard 
cells and encodes a distant homologue of fungal and bacterial 
dicarboxylate/malic acid transport proteins. The plasma mem- 
brane protein SLAC] is essential for stomatal closure in response 
to CO2, abscisic acid, ozone, light/dark transitions, humidity 
change, calcium ions, hydrogen peroxide and nitric oxide. 
Mutations in SLAC] impair slow (S-type) anion channel currents 
that are activated by cytosolic Ca’* and abscisic acid, but do not 
affect rapid (R-type) anion channel currents or Ca** channel func- 
tion. A low homology of SLAC! to bacterial and fungal organic 
acid transport proteins, and the permeability of S-type anion 
channels to malate” suggest a vital role for SLACI in the function 
of S-type anion channels. 

Stomatal aperture is regulated by light, plant water status, CO, 
concentration, relative air humidity, and among other stresses, 
drought and ozone (O5)**. A number of signalling compounds, 
including abscisic acid (ABA), reactive oxygen species (ROS), nitric 
oxide (NO) and Ca** ions are involved in the regulation of stomatal 
aperture’*. Adjustment of stomatal apertures is achieved by con- 
trolled transport of osmotically active ions and organic metabolites, 
induding potassium (K*), chloride (CI) and malate across guard 
cell membranes**"*", resulting in changes in osmotic potential. 
Anion channels have been proposed to function as central regulators 
of stomatal closure by mediating anion efflux and causing mem- 
brane depolarization, which controls K* efflux through K* channels. 
So far, none of the candidates for plant anion channels — the plant 
homologues to the animal CLC chloride channels — has been 


localized to the plasma membrane’®, and the first plant CLC channel 
that was functionally characterized encodes a central vacuolar 
proton/nitrate exchanger’’, rather than an anion channel. Thus, 
despite their proposed importance in several physiological and stress 
responses in plants", the molecular identity of the guard cell 
plasma membrane proteins that mediate anion channel activity has 
remained unknown. 

In a mutant screen for O; sensitivity, a series of Arabidopsis ethyl 
methanesulphonate (EMS) mutants called radical-induced cell death 
(rcd) was identified*"*. One of them, a recessive mutant originally 
referred to as red3 (ref. 14) and here renamed slacl (slow anion 
channel-associated 1), showed constitutively higher stomatal conduc- 
tance than the wild type (Columbia, Col-0) (Fig. 1a), Interestingly, 
both rapid transient’ and long-term Os-induced decreases in sto- 
matal conductance were abolished in slacl (Fig, 1a). Water loss from 
excised slac! leaves resulted in 70-80% fresh weight loss after 90 min, 
whereas in the wild type, fresh weight loss was only 30% after 90 min 
(Fig. 1b). These differences in fresh weight loss were not a result of 
variation in stomatal number because slac! and wild-type leaves have 
similar stomatal density (Supplementary Fig. 1). Microarray analyses 
using messenger RNAs from 3-week-old rosette leaves did not reveal 
any significant differences in gene expression between slacl and the 
wild type when grown under optimal conditions. Furthermore, no 
other phenotypic differences have been observed between slac] and 
the wild type. Together these data suggested that the defect in slacl 
lies in defective stomatal regulation and that the O3 damage of slacl 
leaves (Supplementary Fig. 2) is a result of increased O3 flux into 
leaves through more open stomata. 

The slacl-1 mutation was identified in the gene At1gl2480 by a 
combination of mapping, candidate gene expression in guard cell 
microarrays, and analyses of transfer DNA (T-DNA) insertion 
mutants (see Supplementary Information). SLACI encodes a pre- 
dicted membrane protein of 556 amino acids with a calculated 
molecular weight of 63.2kDa and a predicted isoelectric point of 
9.58, SLACI has hydrophilic amino- and carboxy-terminal tails 
(189 and 60 amino acids, respectively) and 10 predicted transmem- 
brane helices (Fig. 1c, Supplementary Fig. 3), which contain a C4- 
dicarboxylate transporter/malic acid transport protein domain 
(InterPro: IPR004695) defined from the Escherichia coli TehA and 
Schizosaccharomyces pombeMael proteins. Mael is involved in malate 
uptake"®. TehA and Mael lack the long hydrophilic tail present in the 
N terminus of SLAC], but showa weak, 15-20% amino-acid identity 
over the transmembrane region with SLAC] (Supplementary Fig. 4a). 
SLAC] shows no homology to the aluminium-activated malate trans- 
porters that function in plant aluminium resistance'’. Homozygous 
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Figure 1| Membrane protein SLAC1 controls leaf ozone and water-loss 
responses. a, Stomatal conductance (n= 10, * em.) of slacl-1 and wild- 
type plants after onset of 200 p.p.b. ozone, indicated by arrows. b, Weight loss 
from detached leaves of wild type (WT), slacl alleles and slacl-1 
complemented with the SLACI gene (n = 5, *s.em.).€, Membrane spanning 
hydrophobic regions in SLACI protein and the location of mutant alleles. 


T-DNA insertion lines (SALK_099139 and SALK_ 137265, referred to 
as slacl-3 and slacl -4, respectively; Fig. 1c) both showed similar reces- 
sive inheritance, and exhibited similar fresh weight loss from excised 
eaves as slacl-1 (Fig, 1b). A genomic copy of SLACI complemented 
the mutant phenotype in stably transformed slacI-1 (Fig. 1b). 
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d, e, GUS activity in SLACI promoter widA reporter lines. f, SLACI:GFP 
translational fusion expressed in onion epidermal cells. g, Area as in 

£, membranes stained with FM 4-64. h, Overlay off and g. i, Light micrograph 
ofh. j, Overlay of h, andi. k, SLACI::GFP translational fusion in plasmolysed 
onion epidermal cells renders the Hechtian strands attaching the plasma 
membrane to the cell wall visible. Scale bars: d-j, 100 yim; k, 50 tim. 


SLACI belongs to a small family of five proteins in Arabidopsis. 
Three of the proteins, induding SLAC1, have a long hydrophilic 
N-terminal tail, whereas two have only the transmembrane domains. 
Rice has nine orthologous proteins. The SLACI protein is more 
similar to its rice orthologue Os04g48530 than to the four other 
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Figure 2 | Mutations in SLACT impair stomatal responses to changes in 
environment, a, Diurnal dark/light stomatal conductance response in slact 
and wild-type plants with + s.e.m. (1 = 3). b, Time courses of stomatal 
responses to changes in light intensity. ¢, Time courses of stomatal response 
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to changesin airhumidity.d, Time courses of stomatal response to changes in 
CO, concentration, Stomatal responses were monitored with an Arabidopsis 
whole-rosette gas-exchange system", and values in b-d were normalized to 

conductances at 0 min and represent averages (:+s.e.m,) of four rosettes. 
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Arabidopsis SLAC] homologues (Supplementary Fig. 4a, b). The 
transmembrane domains of Arabidopsis and rice SLAC] homologues 
and orthologues have several highly conserved amino acids. However, 
SLACI and Os04g48530 also differ from the rest of the proteins in 
several amino-acid residues (Supplementary Fig. 4a). Forexample, the 
amino acid that is mutated in slacl-1 is a serine in SLAC] and 
Os04g48530, whereas other family members have an alanine residue 
in the same position. The serine mutated in slacl-] is surrounded 
by three conserved threonine residues, suggesting that this region is 
significant for either the structure, function or regulation of the 
protein, Additionally, the predicted intracellular loops between the 
transmembrane domains have several conserved, positively charged 
amino-acid residues (Supplementary Figs 3, 4a), also suggesting func- 
tional significance. 

When 1,582 base pairs (bp) of genomic sequence upstream of the 
SLACI translation start were fused to the reporter gene uidA, the 
resulting B-glucuronidase (GUS) activity in transgenic plants was 
localized predominantly to guard cells (Fig. 1d), and occasionally 
to the vascular strands close to the leaf margins (Fig. le). No GUS 
activity was detected in other parts of the plants. Expression data at 
the Genevestigator database'* and comparison of gene expression 
between guard cell and mesophyll cell microarrays also suggest strong 
preferential guard cell expression of SLACI. 

To study the subcellular location of the SLACI protein, green 
fluorescence protein (GFP) fused to the SLACI C terminus was 
transiently expressed in onion epidermal cells (Fig. 1f-k) and in 
tobacco protoplasts (Supplementary Fig. 5). Fluorescence and 
confocal imaging showed that in onion epidermal cells, fluorescence 
from the SLACI::GFP fusion protein (Fig. 1f) and the membrane- 
specific stain FM 4-64 (Fig. 1g) colocalized in merged images 
(Fig. 1h). GFP fluorescence was observed between the cell wall and 
the nucleus (Fig. 1js Supplementary Movie), and was connected to 
the cell wall through Hechtian strands in plasmolysed cells (Fig. 1k), 
correlating with plasma membrane localization. Expression in 
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tobacco protoplasts showed results that are consistent with plasma 
membrane localization (Supplementary Fig. 5). 

Stomatal aperture is under environmental and hormonal control. 
We analysed stimulus responses in stomatal conductance by com- 
paring intact'® slac1 with wild-type plants. Stomatal conductance in 
slacl was about 1,5-fold higher during the light period (Fig, 2a). Also, 
the decline in stomatal conductance at the beginning of the dark 
period took more than 1h longer in slacl compared with the wild 
type (Fig, 2a). Light/dark transitions during the normal light period 
caused rapid changes in stomatal conductance in the wild type, 
whereas slacl showed a slow and modest response (Fig, 2b). slacl 
exhibited a much slower response than the wild type to a decrease in 
the relative air humidity (Fig. 2c), which is known to cause a rapid 
reduction of stomatal conductance’. Doubling of [CO,] from 400 
p-p.m. to 800 p.p.m. reduced stomatal conductance effectively in the 
wild type, whereas slacI showed no responses (Fig. 2d). Thus, slacl 
stomata show only a slow and modest response to changes in light 
and air humidity, and are completely insensitive to O3 stress (Fig. 1a) 
and elevated [CO,] (Fig. 2d). 

The concentration of the plant stress hormone ABA increases 
under drought and induces stomatal closure through second mes- 
sengers, including ROS, cytosolic Ca?" and NO**. We measured 
stomatal responses to ABA, hydrogen peroxide (H,O,), NO and 
repetitive Ca** pulses (Fig. 3). Stomata of slacl mutants showed a 
strong insensitivity to ABA (Fig. 32 and Supplementary Fig. 6a). 
Similarly, they showed significantly reduced responses to H,O> 
(Fig, 3b) and the NO donor sodium nitroprusside (SNP) (Fig, 3c). 
Transient addition and removal of Ca’* to the extracellular solution 
bathing leaf epidermides, while shifting the K* equilibrium poten- 
tial, allows experimental imposition of defined intracellular Ca** 
transients in guard cells, resulting in stomatal closure***, Four repe- 
titive 5-min pulses of 1 mM external Ca’* were applied (Fig. 34; 
top inset; Supplementary Fig. 7). The imposed intracellular Ca** 
([Ca?*],) oscillation pattem of slacl-1 guard cells was similar to that 
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Figure 3 | Impaired stomatal responses to ABA, H2O2, NO and Ca* in 
slact. a, Time-course experiments of ABA-induced stomatal closure. ABA 
(1 uM) was added at time = 0 (n = 3 experiments, 28, 23 and 57 stomata for 
slac1-1, slacl -3 and wild type, respectively). Stomatal apertures at time = 0 
(100%) corresponded to average stomatal apertures of 2.82 + 0.16 41m (wild 
type), 2.88 + 0,12 ym in slacI-1 and 3.23 + 0.08 um in slacl-3. b, ¢, Time 
course of stomatal dosure induced by HO, (100 1M) (b) and NO (derived 
from 50M SNP) (c). 1 = 3-5 independent experiments, 20 stomata per 
experiment. d, Impairment in stomatal closure in response to four transient 


5-min extracellular applications of | mM CaCl, and I mM KCI (black strips 
at top; m = 3 experiments, 48, 24 and 32 stomata for wild type, slact-1 and 
slac1-3, respectively). Imposed intracellular Ca** transients (see 
Supplementary Fig. 7) were followed by 5-min exposures to a depolarizing 
solution containing 0 mM CaCl, and 50mM KCl (white strips at top) as 
previously described. Stomatal apertures at time =0 (100%) corresponded 
to average stomatal apertures of 3.56 * 0.10 pm, 3.93 * 0.14 um and 

3.56 * 0.10 pum in wild type, slacI-1 and slacl-3, respectively. Error bars 
depict means + s.e.m. 
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of the wild type (Supplementary Fig, 7). The average amplitudes of 
imposed [Ca° * ]; transients and the integrated total [Ca’* ]j increases 
per period were statistically similar in wild-type and slacl-1 guard 
cells (see Supplementary Information). Imposed [Ca°*]; transients 
caused the typical downstream Ca**-induced reactive and pro- 
grammed” stomatal dosure in the wild type, whereas the response 
was greatly impaired in slacl-1 and slacI-3 (Fig. 3d). Thus slacl 
mutant guard cells do not abrogate imposed cytosolic Ca** oscilla- 
tions, but showa strong impairment in downstream Ca’* oscillation- 
induced stomatal closing. 

The activation of S- and R-type anion efflux channels, both of 
which can transmit Cl” and malate efflux from guard cells**", is 
proposed to decrease guard cell osmotic potential, leading to stoma- 
tal closure“**"°"", This is consistent with Cl” and malate efflux occur- 
ring in response to ABA™”, We therefore applied whole-cell patch 
clamp techniques to characterize the functioning of S-type and 
R-type anion channel activities. In wild-type guard cells, elevated 
cytosolic Ca** (2 1M) activated ion currents that were selective for 
CF over caesium ions (Cs*) (1 = 16 guard cells) and showed a rela- 
tive permeability ratio for malate to chloride anions of 0.125 (11 = 12 
guard cells), consistent with previous anion selectivity analyses of 
S-type anion channd currents’ (Supplementary Fig. 8). 

S-type anion currents were readily recorded in wild-type guard 
cells (Fig. 4a, d). However, only very small combined background 
whole-cell membrane currents and patch-clamp seal currents were 
observed in slacl-1 and slac1-3 guard cells (Fig, 4b-d). R-type anion 
currents’! were activated as described’***. Interestingly, no signifi- 
cant differences in R-type anion currents between wild-type and slacl 
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Figure 4 | Ca** and ABA activations of S-type anion channels are impaired 
in slacl guard cells. a-d, Ca’* activation of S-type anion channels. 

a-c, Whole-cell recordings of S-type anion currents in wild type (a), slac!-1 
(b) and slact -3 (¢). d, Average current-voltage curves of S-type anion 
channel currents recorded in wild type (n = 7), slacl-I (n = 12) and slacl-3 
(n= 10). &, f, Typical R-type anion channel recordings (e), and average 
current-voltage curvesin wild type (n = 3) and slacl-3 (n = 6) (f).g-j, ABA 
activation of S-type anion channels. g-i, Typical recordings in wild type 
(g),slac1-1 (h) and slact 3 (i) j, Average current-voltage curves recorded in 
wild type (n = 10), slaci-1 (n= 8) and slacl-3 (n = 8), Error bars depict 
means + s.e.m. 
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guard cells were observed (Fig. 4e, f). Similarly, ABA activation of 
Ca** permeable ‘Ig,’ channel currents*! was not disrupted in slacl 
guard cells (Supplementary Fig. 9). However, when ABA activation 
of S-type anion channels was analysed, slacl mutants showed only 
small whole-cell currents (Fig. 4h-j), whereas S-type anion currents 
were recorded in wild-type guard cells (Fig. 4g, j). 

Continuing increases in ozone concentrations in the troposphere 
owing to human activities are predicted to have a negative affect on 
crop yields and global carbon sinks in the future’, The ozone sen- 
sitivity of slac! leaves (Supplementary Fig. 2), the predominant guard 
cell expression of SLACI (Fig. 1d, e) and abolishment of O;-induced 
stomatal closure in slac] mutants (Fig. la) together provide direct 
genetic evidence for the importance of Os sensing in guard cells 
for plant Q; tolerance. Only a few plant mutants are known that 
show CO, insensitivity** or a constitutive high CO, response’ in 
stomatal movements, but no recessive CO3-insensitive mutant gene 
has been isolated so far. All slacI alleles are recessive and show a 
complete lack of high CO3-induced stomatal closure (Fig. 2), illus- 
trating that the SLACI protein is a central positive mediator of CO>- 
induced stomatal closure. 

Experiments with ABA, ROS, NO and Ca°* suggest that SLACI is 
an essential protein functioning downstream of these messengers in 
mediating stomatal closure (Figs3, 4 and Supplementary Figs 6, 7, 9). 
The phenotype of slac! differs from the ATP-binding cassette trans- 
porter mutant, atmrp5, which shows partial repression of ABA- 
induced stomatal closure, partial S-type anion current activity and 
impaired Ca** channel activation”. The strong impairment in 
S-type anion channel and normal Ca** channel activity in slacl 
guard cells is consistent with SLACI being more closely associated 
with S-type anion channels than is AtMRP5, and provides direct 
genetic evidence for the model that these anion channels function 
as a central control mechanism for stomatal closure*. 

R-type anion channel activity was not disrupted in slacl guard cells 
(Big. 4e, f), providing genetic evidence for a molecular separation of 
the membrane proteins required for S- and R-type anion channels. It 
remains possible that these anion channel types share other protein 
subunits’. R-type channels may be responsible for the slow stomatal 
conductance decrease observed in response to light/dark transitions 
and decrease in relative humidity (Fig. 2a-c). 

‘The data presented demonstrate that SLAC] encodes an essential 
subunit for S-type anion channel function or regulation. The low 
homology of SLAC! to bacterial and fungal organic acid transporters 
indicates a possible role for SLAC] in contributing to formation of 
an anion-transporting pore. Further research on SLACI and its 
homologues should increase the general understanding of plasma- 
membrane anion channel structure and regulation in plants. 


METHODS SUMMARY 


‘Three- to six-week-old A. thaliana plants grown in a controlled environment 
were used, slacl-1 was isolated from an O,-sensitivity mutant screen”, The 
mapping population was generated by outcrossing to Ler, and an impaired 
water-loss phenotype was used as a mapping trait. For water-loss analyses, the 
weight of the detached leaves was followed. Whole-plant stomatal conductance 
responses to Os; light/dark transitions, elevated CO, and lowered humidity were 
measured using the Arabidopsis whole-rosette gas-exchange system”. For GUS 
activity and complementation analyses, transgenic SLACI promoter-driven 
GUS expression lines and complementation lines with SLACI genomic DNA 
were analysed. For transient gene-expression studies, a SLACI:GEP fusion pro- 
tein under the control of a 35S promoter was delivered into onion epidermides 
byparticlebombardment, and to tobacco protoplasts by dectroporation. Images 
were acquired by confocal microscopy. For stomatal responses to H0., NO and 
ABA, stomatal apertures were measured from extracted epidermal fragments 
after pre-incubation of leaves in opening buffer, Stomatal responses to Ca?” 
transients and Ca?* imaging experiments were analysed in intact leaf epider- 
mides by imposing extracellular calcium pulses™5, For electrophysiological 
analyses, Arabidopsis guard cell protoplasts were isolated enzymatically, and 
Ca?” activation of S- and R-type anion currents and ABA activation of S-type 
anion and Ic, Ca”* currents were recorded as described**, 
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Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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SIRT6 is a histone H3 lysine 9 deacetylase that 
modulates telomeric chromatin 


Eriko Michishita’®, Ronald A. McCord’, Elisabeth Berber’, Mitomu Kioi*, Hesed Padilla-Nash®, Mara Damian’, 
Peggie Cheung’, Rika Kusumoto’, Tiara L. A. Kawahara’, J. Carl Barrett”+, Howard Y. Chang’, Vilhelm A. Bohr®, 


Thomas Ried®, Or Gozani? & Katrin F. Chua’? 


The Sir2 deacetylase regulates chromatin silencing and lifespanin 
Saccharomyces cerevisiae’. In mice, deficiency for the Sir2 family 
member SIRT6 leads to a shortened lifespan and a premature 
ageing-like phenotype*. However, the molecular mechanisms of 
SIRT6 function are unclear. SIRT6 is a chromatin-associated pro- 
tein’, but no enzymatic activity of SIRT6 at chromatin has yet been 
detected, and the identity of physiological SIRT6 substrates is 
unknown. Here we show that the human SIRT6 protein is an 
NAD*-dependent, histone H3 lysine 9 (H3K9) deacetylase that 
modulates telomeric chromatin. SIRT6 associates specifically 
with telomeres, and SIRT6 depletion leads to telomere dysfunction 
with end-to-end chromosomal fusions and premature cellular 
senescence. Moreover, SIRT6-depleted cells exhibit abnormal tel- 
omere structures that resemble defects observed in Werner syn- 
drome, a premature ageing disorder**. At telomeric chromatin, 
SIRT6 deacetylates H3K9 and is required for the stable association 
of WRN, the factor that is mutated in Werner syndrome**. We 
propose that SIRT6 contributes to the propagation of a specialized 
chromatin state at mammalian telomeres, which in turn is 
required for proper telomere metabolism and function. Our find- 
ings constitute the first identification of a physiological enzymatic 
activity of SIRT6, and link chromatin regulation by SIRT6 to tel- 
omere maintenance and a human premature ageing syndrome. 
Normal human somatic cells have a finite replicative lifespan, and 
after prolonged replication they undergo cellular senescence as a 
result of telomere dysfunction®”. Despite the ageing-like phenotype 
of SIRT6-deficient mice, no effect of SIRT6 deficiency on cellular 
lifespan has been reported. To determine whether SIRT6 influences 
cellular senescence, retroviral transduction of short hairpin RNAs 
(shRNAs) was used to stably knock down SIRT6 expression in WI- 
38 human fibroblasts (Fig. 1a). SIRT6knockdown (S6KD) cells have a 
strikingly shortened replicative lifespan, undergoing premature cel- 
lular senescence about ten population doublings before control cells, 
and show increased levels of senescence-associated B-galactosidase 
(SA-f-gal) staining (Fig. 1b, c, and Supplementary Fig. 2a). These 
kinetics of premature senescence are similar to those associated with 
the inactivation of telomere accessory factors (Supplementary Fig. 3a, 
b)*. Premature cellular senescence was also observed with two inde- 
pendent SIRT6 shRNAs, ruling out off-target shRNA effects, but not 
with irrelevant shRNAs (Supplementary Figs 2b-d and 3c). We con- 
clude that SIRT6 is crucial in maintaining a normal replicative life- 
span and in preventing the premature senescence of human cells. 
Replicative cellular senescence can result from dysfunctional telo- 
meres, which are recognized by DNA damage response factors and 


are detected as telomere dysfunction-induced foci (TIFs)”"°. Analysis 


of TIFs revealed elevated telomere dysfunction in S6KD cells (Fig. 1d, 
e, and Supplementary Fig. 4a). The telomere signals at TIFs in S6KD 
cells are weak compared with non-TIF telomere signals, suggesting 
a subpopulation of telomeres that have undergone significant 
sequence loss (see below). However, mean telomere length was not 
significantly reduced in S6KD cells (Supplementary Fig. 5). Together, 
these observations suggest that S6KD cells undergo accelerated sen- 
escence and telomere dysfunction in response to stochastic telomere 
sequence loss, without increased global telomere erosion. 

Loss of proper telomeric protective end structures can lead to 
dicentric chromosomes as a result of chromosomal end-to-end 
fusions. We therefore scored chromosomal end fusions in S6KD 
and control metaphases in several independent cytogenetic analyses. 
Non-recurrent chromosomal end-to-end fusions were observed in 
S6KD cells and were more pronouncedat later population doublings, 
but they were rarely observed in control cells (Fig, If and Supple- 
mentary Fig. 4b, c). These observations indicate that SIRT6 is critical 
for maintaining functional telomeres to avert chromosomal instab- 
ility due to aberrant chromosomal end-to-end fusions. 

Several experiments provide further evidence that the premature 
senescence of S6KD cells is due to telomere dysfunction and not to 
defective base excision repair (BER), which was previously impli- 
cated in the phenotypes of SIRT6 knockout (S6KO) mouse cells’, 
or to oxidative stress brought on by supraphysiological oxygen con- 
ditions of ambient cell culture conditions”. First, telomere stabiliza- 
tion (by the ectopic expression of telomerase (hTERT)) reversed the 
premature senescence of S6KD, whereas augmenting BER (by the 
ectopic expression of the DNA polymerase-B dRP lyase domain) 
did not (Fig. Ig and Supplementary Fig, 6). This DNA polymerase- 
B domain was previously shown to rescue the hypersensitivity of 
S6KO mouse cells to alkylating DNA damage agents’. Second, 
S6KD cells underwent premature senescence even when cultured 
under low (physiological) oxygen conditions (Supplementary Fig. 
7). Together, these findings demonstrate that telomere dysfunction, 
not BER defects or oxidative stress, underlie the premature sene- 
scence phenotype of S6KD cells. 

The premature cellular senescence, telomere dysfunction and 
chromosomal fusions observed in S6KD cells are reminiscent of the 
cellular phenotype of Werner syndrome (WS)'*", a hereditary dis- 
order associated with signs of premature ageing*’. The WS-defective 
protein WRN associates with telomeres (in primary human IMR90 
cells and U20S osteosarcoma cancer cells) and regulates telomere 
processing during $ phase". We formed the hypothesis that SIRT6 
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Figure 1| SIRT6 knockdown leads to premature 
cellular senescence and telomere dysfunction. 
a, Western analysis of SIRT6 expression in WI-38 


Population doublings 


SIRT6 knockdown (S6KD) or control (pSR) cells. 
b, Serial passaging experiments revealing 
premature replicative senescence of S6KD WI-38 
cells, Passaging was begun at population 
doubling 39 and cumulative population 
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might function in a similar context. To investigate this possibility, we 
first examined whether SIRT6 associates with telomeres during 
S phase by telomere chromatin immunoprecipitation (T-ChIP)". 
Call synchronization, release, and analysis by bromodeoxyuridine/ 
propidium iodide staining were performed to enrich for specific 
cell-cycle phases (Supplementary Fig. 8). T-ChIP analysis at different 
time points after release from cell synchronization revealed that 
SIRT6, like WRN, preferentially associates with tedomeric chromatin 
in $-phase-enriched cultures (Supplementary Fig. 9). SIRT6 occu- 
pancy at telomeric chromatin was observed for both recombinant 
Flag-tagged SIRT6 (Fig. 2a, b) and endogenous SIRT6 (Fig. 2c, d), 
and in both U20S osteosarcoma cells (Fig. 2b, c) and primary IMR90 
cells (Fig. 2d). As controls, the association of Alu repeat sequences 
with SIRT6 ChIPs was not above background (Fig. 2b-d), and the 
SIRT6 T-ChIP signal was abolished in S6KD cells, validating the spe- 
cificity of the signal (Fig, 2d). Together, these data locate SIRT6 at 
telomeric chromatin in S phase and suggest a potential role for SIRT6 
in regulating replication-associated dynamics in telomere structure. 
Chromatin at telomeres is enriched for hypoacetylated histone 
tails”. Although no physiological enzymatic activity for SIRT6 on 
histones or other trans substrate has yet been observed, we proposed 
that SIRT6 might regulate chromatin at telomeres by deacetylating a 
specific histone tail residue. We therefore used mass spectrometry to 
screen for NAD-dependent SIRT6 deacetylase activity in vitro, on a 
collection of acetylated histone tail peptides. SIRT6 manifested mod- 
est deacetylation activity on peptides containing acetylated H3K9 
(H3K9Ac) (Fig. 32 and Supplementary Fig. 10). This activity was 
highly specific for H3K9Ac, because no deacetylation was detected 
for 12 other acetylated histone peptides (Fig. 3a and Supplementary 
Fig. 11). SIRT6 also deacetylated H3K9Ac, but not several other 
acetylated residues, in the context of purified full-length histone 
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doublings were calculated after the indicated 
days. ¢, Increased SA--gal* staining in S6KD 
cultures at day 11 of serial passaging. 

d, ¢, Increased telomere dysfunction in S6KD 
WI-38 cells. TIFs were detected (d) by co- 
localization of y-H2AX and telomeres, and cells 
with at least five TIFs were scored (¢). Data 
represent the average of 20 fields. Error bars 
indicate s.e. = 158 (pSR); n = 110 (S6KD). 
The P value was calculated with the two-tailed 
Student’s t-test. f, Increased chromosome end- 
to-end fusionsin S6KD cells observed by spectral 
karyotype (SKY) analysis. Values represent the 
numbers of fused chromosomes as a percentage 
of total metaphases. S6KD; and S6KD> are 
knockdown cells generated with 
SIRT6-specific shRNAs. g, Stal 
by means of hTERT expression reverses the 
premature senescence of S6KD cells, whereas 
augmenting BER activity, by expression of the 
DNA polymerase-B (Pol-B)-dRP lyase domain, 
does not. hTERT, Pol-B or empty vector were 
ectopically expressed in S6KD WI-38 cells and 
passaged in physiological (2%) oxygen 
conditions. Cells were stained with SA-B-gal at 
population doubling 36.5. Error bars indicate 
se.m5 n= 8 (pSR); m= 16 (S6KD,); 1 = 20 
(S6KD,). 
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H3, and mutation of a conserved catalytic residue (H133Y) of 
SIRT6 markedly decreased this activity (Fig. 3b and data not shown). 
Finally, SIRT efficiently and specifically deacetylated H3K9Ac (but 
not other acetylated histone residues) in 293T cells, whereas the 
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Figure 2 | SIRT6 associates with telomeric chromatin. a, Western analysis 
of U20S cells transduced with pBabe-Flag-SIRT6 or empty virus (pBabe) 
control, b, T-ChIP analysis with anti-Flag antibodies from the cells shown in 
a.c, T-ChIP assaysin U20S cells with antibodies specific for SIRT6, WRN or 
IgG negative control. d, T-ChIP assays with SIRT6 antibodies in S6KD cells 
or in control pSR IMR90 cells. In b-d, slot-blots are shown of telomere or 
‘Alu repeat sequences in ChIP and input DNA. Input loaded represents 5% 
(b,c) or 2.5% (d) of total. 
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mutant SIRT6 protein did not (Fig. 3c and Supplementary Fig. 12). 
Together, these observations indicate that SIRT6 is an NAD- 
dependent deacetylase with specificity for H3K9Ac. 

We next sought to identify the physiological context in which 
SIRT6 deacetylates H3K9Ac. Wester analysis of S6KD and control 
cells did not reveal significant differences in global H3K9Ac levels 
(data not shown). In contrast, investigation of histone acetylation 
status at telomeres in $-phase-enriched cultures by T-ChIP revealed 
H3K9 hyperacetylation in S6KD cells (Fig. 3d-f). SIRTS is therefore 
required for the maintenance of the low physiological levels of H3K9 
acetylation at telomeric chromatin in $ phase, and hyperacetylation 
of H3K9 in the absence of SIRT6 correlates with telomere dysfunc- 
tion, H3K9 was also hyperacetylated at telomeric chromatin in 
S6KO mouse cells, providing in vivo evidence for a physiological role 
for SIRT6 in deacetylating this histone residue (Supplementary Fig. 
13a-0). 

We next proposed that in SIRT6-deficient cells, hyperacetylation 
of H3K9 at telomeres in S phase might interfere with the association 
of WRN. WRN occupancy at telomeres was compared in S-phase- 
enriched S6KD and control cultures by T-ChIP analysis. In both 
U208 and IMR90 cells, SIRT6 knockdown significantly inhibited 
the association of WRN with telomeric chromatin (Fig. 4a, b, and 
data not shown). Wecondude that SIRT6 is required for stabilization 
of WRN at telomeric chromatin, We note that additional functional 
or physical interactions between SIRT6 and WRN might exist. 
However, the association of SIRT6 with telomeres was independent 
of WRN (Supplementary Fig. 13e), and we have not observed a direct 
interaction between SIRT6 and WRNat chromatin (datanot shown). 
‘Thus, our data are consistent with the hypothesis that SIRT6 deace- 
tylation of H3K9Ac at telomeric chromatin leads to an altered chro- 
matin state that is required for efficient WRN association in $ phase. 

WS cells exhibit specific defects that reflect problems with the 
replication-associated processing and metabolism of telomeres, 
and analysis of S6KD cells revealed similar abnormalities. First, 
S6KD metaphases showed elevated levels of missing telomere signals 
(sister telomere loss) and extra telomere signals (telomere doublets) 
(Fig. 4d-f), defects observed in WS cells and associated with aberrant 
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telomere processing during replication**°, In addition, chro- 
mosome fusions in S6KD cells, as in WRN-defective cells'*"*, have 
weak or no telomere signals at the fusion sites (Fig. 4c). In WS cells 
this phenotype is proposed to result from stochastic replication- 
associated telomere loss*"*, and it contrasts with the strong telomere 
signals observed at sites of chromosome fusions resulting from defi- 
ciency for telomere end-capping factors such as telomeric repeat 
binding factor 2 (TRF2)''. Aberrant replication-associated telomere 
processing by WRN is proposed to contribute to a ddayed comple- 
tion of S phase observed in WS cells'***!?, Similarly, SIRT6 knock- 
down in U20S cells resulted in delayed completion of $ phase 
(Supplementary Fig. 14), which is consistent with a role for SIRT6 
in modulating telomeres during replication. Together, these findings 
suggest that SIRT6 collaborates with WRN at telomeric chromatin to 
ensure efficient telomere replication and to prevent the accrual of 
structural abnormalities at telomeres. 

Telomeres are specialized structures that function to shield linear 
chromosome ends from DNA repair, degradation and fusion’. 
Mammalian telomeres are packaged in an unusual chromatin struc- 
ture with features of heterochromatin®, but relatively little is 
understood about the role of chromatin modifications on telomere 
metabolism, In this study we show that human SIRT6 deacetylates 
H3K9Ac at telomeres to prevent telomere dysfunction. Inactivation 
of SIRT6 leads to H3K9 hyperacetylation at telomeric chromatin in 
both human and mouse cells, but the mouse cells do not display 
the downstream cellular defects observed in human cells, which is 
consistent with the large functional reserve of mouse telomeres 
(Supplementary Fig. 13d; data not shown)'**°, Our findings regard- 
ing SIRT6 provide a direct link between mammalian telomere dys- 
function and a histone modifying enzymatic activity. Our results 
indicate that deacetylation of H3K9Ac by SIRT6 is important during 
S phase at replicating telomeres. We propose a model (Supplemen- 
tary Fig. L) in which the deacetylation of H3K9Acby SIRT6 promotes 
the formation of a specialized telomeric chromatin state that is 
required for the stable association of $-phase-dependent telomere- 
processing factors such as WRN, to prevent aberrant sequence loss or 
metabolism of telomeres. The resulting telomere dysfunction then 
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contributes to premature cellular senescence. Our study has iden- 
tified a crucial function for SIRT6 in chromatin regulation at 
mammalian telomeres and provides a new mechanism by which 
the regulation of chromatin is linked to telomere function, cellular 
senescence and, potentially, organismal ageing. 


METHODS SUMMARY 

Telomere-ChIP assay. $-phase T-ChIP analysis was performed essentially as 
described previously”. In brief, ChIPs were performed by following the 
Diagenode protocol (http://wwwdiagenode.com), DNA uted from the 
ChIPs was transferred to dlot-blots, and telomeric DNA was detected with 
the TeloTAGGG telomere length assay kit (Roche Applied Science). 
Immunofluorescence in situ hybridization TIF assays. Immunofluorescence 
in situ hybridization (immuno-FISH) analysis of TIFs was performed as 
described previously**”, Cells were fixed with paraformaldehyde, washed, and 
permeabilized in 100% ethanol or 0.2% Triton X-100. After being blocked and 
immunostained, cells were treated with Imgml ' dithiobis(succinimidylpro- 
piorate), and telomere FISH was performed with the Telomere PNA FISH Kit/ 
fluorescein isothiocyanate (Dako). Laser-scanning confocal microscopy was 
performed with a Nikon PCM 2000 confocal microscope scanning system. 
Cytogenetic chromosome analysis, Metaphase spreads were prepared using 
standard techniques as previously described, and stained with 4,6-diamidino- 
2-phenylindole (DAPI). Detailed procedures of the spectral karyotype (SKY) 
analysis, including the preparation of SKY probes, slide denaturation, probe 
hybridization, detection and image acquisition, are described at http://www. 
riedlab.nci.nih.gov/protocols and in the Supplementary Information, Detection 
of telomere sequences by tdomere FISH was performed with a Telomere PNA 
FISH Kit/Cy3 (Dako). Acquisition of metaphase spreads with telomere signals 
and the companion DAPI images for each sample were analysed with Q-Fiuoro 
software (Leica Imaging Systems) 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Figure 4 | SIRT6 stabilizes WRN at telomeric 
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showing reduced association of WRN with 
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‘occupancy in S6KD and control cells, 

b, Quantification of three independent 
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y the year 2030, the United States should transform ‘health maintenance 
organizations’ into ‘healthy living organizations’. Biomedical centres 
should have a ‘school of health’ that every aspiring medical and biomedical 
professional is required to attend. By 2030, a'national wellness strategy’ 
should be established, backed by congressional mandate and public-private efforts. 

This was blue-sky thinking from a group of esteemed health-policy leaders at a 
forum in Washington DC on19 March. The first suggestion was from Elias Zerhouni, 
director of the National Institutes of Health; the second from Julie Gerberding, 
director of the Centers for Disease Control and Prevention (CDC); and the last from 
William Novelli, chief executive of the American Association of Retired Persons. 
Asked to elaborate on how to revamp health care, they and others emphasized the 
essential role of prevention in combating disease and reducing monumental health- 
care costs. It is a theme underscored in this week's feature, which details the global 
opportunities in the lively area of vaccine research (see page 498). 

Assuming that these US health-policy leaders are prescient, what might this 
suggest for the budding researcher? Take a hard look at professions related to 
wellness and prevention — along with vaccines, research into social and biological 
risk factors, biomarkers, as well as professions related to health information 
technology, public health and economic and racial health disparities. They are likely 
to garner the most attention in coming years. 

Unfortunately, there is some reason to believe that others inthe US government 
are not so visionary. A striking disconnect remains between what the experts say 
and what the policy-makers do. Investments in preventative measures should 
mean areduction in health-care costs in the long term. Yet, in the president's 
budget request for fiscal year 2009, the CDC would see a$433 million, or 7%, 
budget reduction (see Nature 451, 610-612; 2008). Such an approach seems short- 
sighted and sends the wrong signal to health professionals looking to bolster efforts 
to replace a pound of cure with an ounce of prevention. 

Gene Russo is editor of Naturejobs. 
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SPECIAL REPORT 


or along time, vaccine development was 
not seen asa terribly exciting or dynamic 
discipline. The strategy within the field 
had stayed the same for years: to weaken 

or inactivate the target microorganism. As such, 

it seemed to offer little to entice researchers from 

cutting-edge areas such as stem-cell biology or RNA 

interference. 

Now, all that seems to be changing. A sudden surge 
in progress during the past decade has created what 
many people are calling a renaissance in vaccine 
development. Technological advances have 
transformed immunology, virology, structural biology 
and genomics. Global health is high on the world’s 
agenda. And vaccine development has the backing of 
an extremely wealthy patron, the Bill & Melinda Gates 
Foundation, which spent US$287 million on AIDS- 
vaccine research alone in 2006. Researchers in different 
diseases, once isolated from each other, are increasingly 
coordinating their efforts and sharing ideas on more 
strategic vaccine design. 

“The vaccine field may be overlooked and under- 
appreciated, but the opportunities are every bitas 
exciting asin other areas of science, ifnot moreso,” says 

% Gary Nabel, director of the US National Institutes of 
& Health’s Vaccine Research Center in Bethesda, 

6 Maryland. Perhaps more importantly for scientists 
§ early in their careers, there is ample potential for 

3 ground-breaking research, 

‘The number of research and training opportunities 
is growing to meet the demand for scientists who 
understand the challenges of bringing a vaccine to 
market — not the least of which is a timeline that is 
much longer than that for publishing a paper. Vaccines 
are now poised to have an impact not only on infectious 
diseases in the developing world, butalso on chronic 
conditions suchas addiction or obesity that are 
plaguing the developed world. Industry, academia and 
non-profit organizations are recruiting for all facets of 
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THE ART OF SELF-DEFENCE 


Vaccines are no 
longer ‘worthy but 
dull’. A heady mix 

of funding and 
breakthroughs is 

bringing this 
once-quiet area 
to life, says 

Virginia Gewin. 


Rino Rappuoli would like to 
see more biotech start-ups, 
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basic, translational and clinical work. 

This renewed attention is partly due to the economic 
boost vaccines have given the drug industry. Although it 
represents only 2% of overall business, the vaccines 
sector has outperformed most of the rest of the industry 
in revenue growth (J. W. Almond Nature Rev. Microbiol. 
5, 478-481; 2007). Vaccines are expected to beamong 
the next blockbuster biotechnology products. 


The value of vaccines 

Merck and Novartis are leading the pack. “There isa 
growing recognition of the value of vaccines within 
the industry,’ says Keith Gottesdiener, vice-president 
for vaccine and infectious-disease clinical research at 
Merck Research Laboratories in Rahway, New Jersey. 
In the past two years, Merck has registered four new 
vaccines. Three of those protect against diseases for 
which there was no vaccine — RotaTeq against the 
stomach infection rotavirus, Zostavax against shingles 
and Gardasil against the human papilloma virus. 
More are in development, requiring more recruits 

to do research, 

Rino Rappuoli, global head of vaccines research at 
Novartis Vaccines in Sienna, Italy, says he often recruits 
postdocs from outside the field on the understanding 
that he will train them. In the past, there have been few 
academic opportunities to learn about this complex 
field, which differs markedly from biotechnology or 
drug development, “Making vaccines is complicated 
because each one is very different,” he says, 

Smaller companies and start-ups are also expanding. 
With three vaccines on the market and dozens in its 
pipeline, MedImmune, a biotech company (and 
AstraZeneca subsidiary) in Gaithersburg, Maryland, is 
recruiting scientists who have a keen interest in both 
vaccine development and the study of immune-system 
responses, It needs people with strong molecular- 
biology skills, experience with infectious diseases and 
knowledge of immune status and host response. 
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Increased attention on global health, including the 
grants from the Gates Foundation, has allowed small 
vaccine companies to finance early-stage projects. It is a 
welcome change, says Hans Arwidsson, chiefexecutive 
of Eurocine, astart-up formed at Stockholms 
Karolinska Institute in Sweden. Arwidsson says that 
funding fromthe Gates Foundation’s high-profile 
efforts raised awareness and made it easier for his 
company to garner funds from other sources. Eurocine’s 
highest priority, a nasal influenza vaccine, will enter into 
combined phase | and II trials later this year. 

Even the failure to develop the highest-profile 
vaccine of all — one for HIV — has so far not weakened 
industry’ interest. For instance, although Merck’s HIV 
vaccine trial, dubbed STEP, failed in November 2007, 
Gottesdiener says the company’s commitment to HIV 
remains unchanged. “Merck is still struggling to 
understand the ramifications of the STEP trial,” he says, 
“but we're not giving up on our plans to continue 
workingin the HIV area. Whether that will be in 
vaccines or other areas is under consideration.” 

Still, the immunology expertise gained by working 
on HIV could yet benefit drug companies. According 
to Gottesdiener, other vaccine-development skillsin 
demand at Merck include protein chemistry and 
recombinant protein manufacturing, Merck also seeks 
epidemiologists, clinical scientists and regulatory 
scientists. “As the value of vaccines becomes clearer, 
Merck will invest in long-term projects,’ he says. 


New blood needed 

Rappuoli would like to see more start-up biotech firms 
working on basic vaccine research, as new ideas and 
technologies are crucial for development. “There is a 
small group of players in the vaccine arena that all 
know each other,’ he says. New ways to characterize 
immune responses to various pathogens are 
particularly in demand. Yves Levy, scientific director of 
ANRS, the Paris-based French national agency for 
research on AIDS and viral hepatitis, advises interested 
young scientists to address questions in basic 
immunology. Focusing on new mechanisms, such as 
how to put new antigens into vaccines, will provide an 


Giuseppe Pantaleo: non- 
profit opportunities. 
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understanding of basic immunology and important 
correlates of vaccine development, he says. 

Other hot topics include developing new adjuvants — 
compounds, moleculesor other agents that enhance a 
vaccine’ effectiveness. “Adjuvants today are basically the 
intersection between immunology and vaccinology,’ says 
Rappucli. They can be designed with chemical and 
physical properties that enhance a specific action or bind 
toaknown receptor. Traditionally, adjuvants have been 
identified as a result of trial and error during vaccine 
development. “Were just at the beginning ofa beautiful 
evolution of what the science of adjuvants of vaccines 
will bein the future,’ says Rappuoli. Another active area 
isthe study of how infectious organisms can alter surface 
proteins to avoid ahost immune response, an area 
dubbed ‘antigenic variation’ This often derails efforts to 
develop vaccines for viruses such as influenza and West 
Nile virus, which keep an advantage by mutating rapidly. 

Hildegund Ertl, director of the Wistar Institute 
Vaccine Center in Philadelphia, Pennsylvania, notes an 
influx of people trained in gene therapy into the better- 
funded vaccine arena, bringing valuable molecular 
biology skills with them. With such synergies in place, 
the applications of vaccinology are growing. Ertl hopes 
to tackle conditions such as obesity and addiction. 
“Vaccines are going from immediate life savers to long- 
term quality-of-life insurance,’ says Rappuoli. 


Careers found in translation 

Bertus Rima, a virologist at Queen's University in 
Belfast, Northern Ireland, says that the scientific 
questions asked by academia and industry are not that 
different. It is the space between basic academic 
research and the market — the validation of promising 
vaccine candidates able to move into clinical trials — 
that is often overlooked. Increasingly, collaborations of 
academic and non-profit organizations are funding 
this translational research, and offering interesting 
clinical research and training opportunities as a result. 

A notorious lack of collaboration in the European 
vaccine arena stymied development in the past, but the 
major players are now working together. The ANRS, 
for example, has collaborations on multiple fronts. 
Working with the French national biomedical research 
agency INSERM, the Pasteur Institute in Paris and the 
Baylor Institute in Dallas, Texas, the ANRS has funding 
for basic research as well as for clinical-trial postdocs to 
develop and test new candidate vaccines in France and 
the United States. As part of EuroVac, the HIV-vaccine 
project funded by the European Union (EU), the ANRS 
is conducting a phase II trial ofa candidate. It is also 
working with the Canadian Network for Vaccines and 
Immunotherapeutics on monitoring facilities to study 
how to modulate immune responses. 

Through the European and Developing Countries 
Clinical Trials Partnership, the EU is also helping to 
develop the capacity of African countries to undertake 
their own research andclinical trials. Britain's Medical 
Research Council, one of the 18 EU partners, will work 
on projects involving all of vaccine research — from the 
development of animal models of disease to the 
identification of immune biomarkers to verify efficacy. 
Inaddition, the council recently launched funding 
schemes for translational medicine and increased the 
number of clinical-training research fellowships to help 
medical doctors gain PhD training. 

The translational hubs are often the non-profit 
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research institutes. The newly created Swiss Institute 
for Vaccine Research will coordinate immunology 
research and clinical trials to tackle HIV/AIDS, 
tuberculosis, malaria and cancer immunology with its 
four academic and hospital partners in Lausanne and 
Bellinzona, says its chairman, Giuseppe Pantaleo. The 
institute is recruiting 15-20 people, in two or more 
groups, whose principal investigators will receive a 
four-year package to build their own programmes. 
Although the institute will not have aPhD programme, 
there will be training opportunities for students at the 
partner institutions. 

Seattle, home of the Gates Foundation, also houses 
several non-profit organizations. The Infectious 
Disease Research Institute is breaking new ground with 
its work on adjuvants for tuberculosis, malaria, 
leishmaniasis and HIV. “Clinical research on new 
adjuvants has never been done outside drug or biotech 
companies,’ says founder Steven Reed. With Gates 
funding, the institute is hiring in several areas, 
including tuberculosis experts, chief of operations and 
adjuvant specialists. Having worked for a biotech 
company; Reed says it can be difficult to compete with 
industry for scientists, but Seattle has a good regional 
pool of candidates (see Nature 447, 502-503; 2007). 

Non-profit research institutes not only have the 
ability to fill vaccine-development research niches, but 
have a responsibility to do so, says Larry Corey, head of 
the infectious-disease programme at the Fred 
Hutchinson Cancer Research Center, also in Seattle. 
Vaccines for global health — the most cost-effective 
strategy for infectious diseases and cancer — will bean 
important part of biology in the next two decades, he 
says. 


Strength in partnership 

Like many research institutes, the Hutchinson centre 

has an academic partner, in this case the University 

of Washington, offering cutting-edge training and 

research at the new Vaccine Center in the Department 

of Global Health, The new Wistar vaccine centre in 

Philadelphia offers training opportunities with the 

University of Pennsylvania. The Wistar Institute has 

a graduate-training grant geared towards vaccine 

development and is seeking assistant professors 

and postdocs. It uses its relationship with nearby 

GlaxoSmithKline and Merck to offer training in 

applied vaccinology, focusing on industrial-scale 

manufacturing concerns such as technology licensing. 
Although vaccine centres are popping up at 
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Many hands: collaborations are the way forward in a growing number of vaccine centres, 


500 


universities throughout the United States, notall will 
make an impact. 

“Its survival of the fittest, soto speak,” says Ronald 
Montelaro, associate director of the University of 
Pittsburgh’s Center for Vaccine Research. Programmes 
with the most comprehensive research approach will 
stand the test of time, he says. His centre is putting 
together a programme strong in what Montelaro calls 
‘horizontal expertise’ (specializing in vaccinology 
across different pathogens), with vertical expertise 
(focusing on a specific pathogen). With positions still 
available in both arenas, Montelaro admits it’s difficult 
to find the qualified candidates, given the tight funding 
from the National Institutes of Health. “Postdocs are 
opting for government or industry where they don't 
have to fight the grant situation,” he says. 


Innovation and tradition 

Other initiatives rely on their interdisciplinary 
collaborations. For example, the Oregon Health and 
Sciences University, which has a vaccine and gene- 
therapy institute in Portland, is to build another one 
in St Lucie, Florida, bringing together immunologists, 
virologists, cell biologists, computational 
mathematicians and immunogeneticists to work on 
problems associated with the host-pathogen response. 
The Portland centre has done a lot of work in primates; 
the St Lucie branch will focus on applying primate 
work to humans. 

Although the growing number of university-based 
vaccine centres offers new and tempting training 
options, traditional immunology programmes 
continue to offer the strong core background necessary 
for vaccine research, Matthew Fenton, chief of the 
asthma, allergy and inflammation branch of the US 
National Institute of Allergy and Infectious Diseases, 
says existing immunology programmes can train a 
larger percentage of vaccine researchers. 
“Immunologists can plug two holes — they understand 
innate immunity as well as how to use immune 
responses to design better adjuvants,” he says. 

But even immunology programmes are reinventing 
themselves. Queen’s University in Belfast has a new one 
focused primarily on cell signalling and virology, in 
which vaccinology plays a major part. It has about 
10 postdoctoral positions open. Bertus Rima 
says the programme reflects the current UK 
interest in translational aspects of medicine in 
general — where virology is focused more on 

questions of vaccinology and pathogenesis 
instead of basic virology. 

Even asthe number of vaccine-related 
research opportunities and collaborations 
grows, global programmes are increasingly 

interconnected, says Yves Levy. “Young 
scientists should know that at the international 
level, we are all speaking together to develop new 
paradigms, concepts and vaccines,’ he says. Vaccine- 
research collaborations offer instant connections to 
high-level scientists in different laboratories and across 
borders. 

For Gary Nabel, the real career achievement is the 
satisfaction of having an impact on global health. Not 
many fields, he says, offer the potential to affect 
millions, ifnot billions, of people’ lives, . 
Virginia Gewin is a freelance science writer basedin 
Portland, Oregon. 


The enthusiasm 
is infectious. 


3 posts at Ireland’s most 
dynamic centre for biomedical 
and immunology research. 


LECTURESHIP IN BIOLOGY 


Outstanding candidates from all areas of modern biology 
will be considered for the permanent position, including 
biomedicine, proteomics, biotechnology and bioinformatics. 


LECTURESHIP IN IMMUNOLOGY 


Excellent candidates from all areas of immunology are 
encouraged to apply for this permanent post at the institute 
of Immunology = especially researchers in areas 
complementing existing expertise in innate immune 
signaling, inflammation/repair and stem cell immunology. 


LECTURESHIP IN 
IMMUNOLOGY/GLOBAL HEALTH 
(3 YEAR CONTRACT POST) 


Immunologists with research leadership in Tuberculosis, HIV 
or Malaria are being sought for this position, which is 
partially supported through Irish Aid/Higher Education 
Authority funding for the Combat Diseases of Poverty 
Consortium of which the Institute of immunology isa lead 
partner. 

Prior to application, further details of the posts should be 
obtained from the Human Resources webpage: 
personnel.nuim.ie/vacancies.shtml. 

Applications in writing, including a full CV, publication list 
and brief account of future research objectives, together 
with the names, addresses, fax, telephone numbers and e- 
mail addresses of three referees should be forwarded to the 
Human Resources Office, National University of Ireland, 
Maynooth, Maynooth, Co. Kildare, Ireland (Confidential fax: 
+353 — 17083940; E-mail: humantesources@nuim.ie) so as to 
arrive not later than 5.oopm on Friday, 25 April 2008. 
Details on the Department of Biology can be obtained from 
the following webpage: 
nuim.ie/academic/biology/mainshtml or 
immunologynuim.ie 

Informal enquiries may be madeto: 

Professor Kay Ohlendieck, Head of the Department of 
Biology, Tel: + 353 17086161, Fax: + 353 17083845, 

E-mail: kay.ohlendieck@nuim.ie 

Professor Paul Moynagh, Director Institute of Immunology, 
Tel; +3531 7086105, Fax: + 353 7083845 

E-mail: paulmoynagh@nuim.ie 
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Models for 


Disease 
Calls for Proposals 


Medica 
Research 
Council 


MRC 


The Medical Research Council aims to 
commit up to £10m for research grants on the 
evaluation and validation of human and 
animal models of disease, in vivo, in vitro and 
in silico. This call is one of our strategic 
initiatives to target ‘bottlenecks’ in translation, 
an element of the joint translational research 
strategy with NIHR. 


Models are seen as valuable tools for 
developing new health interventions, both 
where they help identify pathways of disease 
and potential treatable targets, as 

well as suitable platforms for testing effects of 
interventions, for example in predictive 
toxicology. 


The MRC invites applications to evaluate and 
qualify the potential of existing human or 
animal models of disease in identifying 
disease mechanisms or interventions that 
hold promise for the detection, prevention or 
treatment of disease. The call includes in vitro 
and in vivo disease models, and also the 
development of in silico models based on 
experimental data from animal and human 
studies. 


Research studies should focus on further 
developing and validating existing models 
using available tests to demonstrate the 
similarity of symptoms, treatment response, 
and disease mechanism between the model 
and the clinical disease state. Comparisons 
between models would also be welcome. 


For more information please see: 
http:/www.mrc.ac.uk/ApplyingforaGranv/C 
allsForProposals/Modelsofdisease/index. 
htm 


The deadline for applications is 4pm, 
Wednesday 16th April 2008 
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The Swedish University of 
Agricultural Sciences (SLU) 


Faculty of Veterinary Medicine and Animal Science 


PROFESSOR IN VETERINARY 
IMMUNOLOGY 


at the Department of Biomedical Sciences and Veterinary Public Health 


The Faculty of Veterinary Medicine and Animal Science at SLU 
conducts research and education to promote the health and well- 
being of animals as well as humans, and to develop biologically 
and economically sustainable animal management. The faculty's 
research comprises basic biomedical sciences, animal 
management, -health and -welfare, veterinary medicine, veterinary 
public health and the influence of animals for the health and well- 
being of humans. We are now seeking a dynamic, creative leader 
and outstanding investigator to play a central role in the 
development of our Faculty. The successful candidate with 
established network will be expected to build an extramurally funded 
research program and to have a genuine interest in teaching issues. 


Subject description: The subject comprises veterinary immunology 
with special reference to infection diseases in domestic animals. 


Duties: Overall responsibility for research and teaching within the 
subject. Main duties include research, education at doctorate level 
and teaching within the department's comprehensive teaching task 
at bachelor and master levels. Collaboration with other disciplines 
within the SLU regarding immune system functions. Furthermore 
the remit includes administrative tasks and assignments within the 
department and the faculty. 


Application should be submitted to the Registrar of SLU no later 
than 12 May 2008. 


Complete notice of the position can be found on 


http://personal.slu.se/jobb 


‘Medical Faculty of the University Duisburg-Essen 


Institute of Virology, Essen University Hospital has 
an immediate opening for a 


Post-doc position. 


The successful candidate will be responsible for a project 
dealing with the development of a new HCV immunogen 
onthe basis of virus-like particles and characterization of 
HCV-specificB- and T-cell immune responses. This project 
will be run in the frame of the clinical working group 
“Optimization of living liver transplantation’ formed in 
the Essen University Hospital. 


Transplantation 


Position is open for three years with a possibility of 
extention. 


Heart/Circulation 


Oncology 


Requirements: Ph.D. or equivalent in Biology, Biochemistry 
or Chemistry, advanced experience in immunology and 
molecular biology. 

Applications including the detailed CV and the names of 
three references should be submitted to: Prof. Dr, med. 

M. Roggendorf, Institut fiir Virologie, Universititsklinikum 
Essen, 45122 Essen. 

eMail: michael.roggendorf@uni-due.de 
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( DIVISIONS OF IMMUNE National 

CELL BIOLOGY AND for Medi 
MOLECULAR IMMUNOLOGY MRC] research 
AND IMMUNOREGULATION 


PROGRAMME LEADER TRACK APPOINTMENTS 


Applications are invited for three Programme Leader Track positions on 
the Institute's Scientific Staff to lead three new independent research 
groups. 

* Division of Immune Cell Biology: Reference NIMRO8/137 
Candidates who wish to study signaling in immune cells, especially 
using imaging, biophysical, or biochemical approaches 

ion of Molecular Immunology: Reference NIMRO8/138 
Candidates who have experience in cellular and molecular 
immunology and wish to investigate the consequences of exposure 
to infectious organisms on the immune system 


ion of Immunoregulation: Reference NIMR08/172 
Candidates who have experience in cellular and molecular 
immunology and a strong interest in researching the immune 
fesponse to respiratory viral infections 


Candidates should have an internationally strong track record of 
independent research, and an ability to lead a research team, pursuing 
original approaches to long term research goals in immunology. The 
research programme will be supported by the Medical Research Council. 


NIMR is the largest MRC institute, supporting some 70 research groups 
and 500 bench scientists and offers an outstanding range of facilities 
and expertise in molecular, cellular and physiological sciences, 
(http//www.nimr.mrc.ac.uk/) providing multiple opportunities for 
collaborative studies. 


Appointment will be made at either Programme Leader or Programme 
Leader Track depending on experience and achievements. Further 
information about NIMRO08/137 is available from Victor Tybulewicz 
(vtybule@nimr.mrc.ac.uk), NIMRO8/138 from Dimitris Kioussis 
(dkiouss@nimr.mrc.ac.uk) and about NIMRO8/172 from Anne O'Garra 
(aogarra@nimr.mrc.ac.uk). 


Successful Programme Leader Track candidates will be considered for 
appointment to full Programme Leader status, normally after six years, 
Salary will be commensurate with the seniority and experience of the 
successful candidate and will be at the appropriate level on the Council's 
pay structure. MRC final salary Pension Scheme is available, Assistance 
with relocation expenses is also available. 


Applications for this role should now be made online at 
httpuljobsmrc.ac.uk. Please upload a full CV, a brief statement of 
research accomplishments and of proposed future research and the 
names and addresses of three referees. 


Ifyou do not have internet access or you experience technical difficulties 
please call + 44 (0)1793 301157 quoting the appropriate reference. 


Closing date: 30 May 2008 
The MRC is an Equal Opportunities Employer 
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The Ruggero Ceppellini Advanced School of Immunology 
in collaboration with 
“The Istituto Italiano pe gli Studi Filosofict 
‘The Fedeticoll University of Naples 

‘The European Federation of Immunological Societies European Jour of Immunology, 

offers the following Advanced Course on 

Tumor Immune Escape Mechanisms 
Directors; Soldano Ferroneand Barbara Seliger 
Hillman Cancer Center, University of Pitsbargh Cancer Institute, Pitsburgh, USA 

Martn-Luther University, Institue of Medical Inzmunclogy, Halle- Wittenberg. Germany 


Sorrento, Italy — October 16-19, 2008 


Further information will soon be available at: www.ceppellini.it * contact sfontana@unina.it 
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Call for Abstracts 


Respiratory, 
Inflammation and Autoimmunity 


FOCUS: IMMUNOLOGY 


Medimmune’s Department of Respiratory, 
Inflammation and Autoimmunity 
invites authors to submit abstracts for consideration in the 
3rd Annual Medimmune Research Abstract Competition. 


Qualified applicants include graduate students and postdoctoral 
fellows. Abstracts will be reviewed by a panel of experts and 
selected for presentation and awards on the basis of scientific merit. 


The deadline for abstract submission is 
October 10, 2008. 


For submission guidelines and additional information, please 
visit www.medimmune.com/abstract. 


ll Medimmune 


ADVANCING SCIENCE FOR BETTER HEALTH 
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Membrane transport in 
flux: the ambiguous 
interface between 
channels and pumps 


S THE ROYAL 


SOCIETY 
CELEBRATING 350 YEARS 


Clinical Immunologist/Typ 
The Joslin Diabetes Center, in conjunction with Beth Israel 
Deaconess Medical Center (adult diabetes) or Boston 
Children's Hospital (pediatric diabetes), all affiliated with 
Harvard Medical School, invite applications for a tenure- 
track position at the rank of Investigator/Assistant Professor. 
The successful candidate will be expected to establish an 
independent research program with an important component 
focused on the clinical immunology of type-1 diabetes 
and other autoimmune endccrine diseases (~80% effort), as 
well as to take an active role in Joslin's clinical efforts on type- 
1 diabetes (-20% effort). This is a unique opportunity for 
collaborative translational research on Joslin's type-1 diabetes 


Discussion Meeting 


Organised by 


Proteins that move ions and molecules across biological 


population of close to 10,000 patients. 


Applicants should send a CV., one-page summary of previous 
research, one-page description of future plans, and three letters of 
recommendation to: 


Search Committee (Chair: Dr Diane Mathis) 
Attn: Mr Larry Kozinn 

Joslin Diabetes Center 

One Joslin Place, Rm. 475 

Boston, MA 02215 

Email: larry.kozinn@joslin.harvard.edu 


Qualified female and minority candidates are particularly 
encouraged to apply. 

Review of applications will begin on June1, 2008. 
www.joslinresearch.org 
www.childrenshospital.org 
www.bidme.harvard.edu 


Equal opportunity/affirmative action employers swy:o¢027 


membranes have traditionally been divided into three classes: 
the pumps, channels and transporters. Unexpectedly, recent 
studies reveal this distinction is not absolute, that the same 
molecule can perform more than one function, and that 
switching modes can cause human disease, This meeting 
focuses on the ambiguous interface between channels, pumps 
and transporters 


The meeting is free to attend but pre-registration online is 
essential, The online registration form and programme 
information can be found at: www.royalsociety.org/events 


If you would like to present a poster at this meeting, 
please send an abstract to 
discussion.meetings@royalsociety.org. Deadline for 
poster proposals is 18 April 2008 

Tel: 020 7451 2683 

Email: discussion.meetings@royalsociety.org 


twenty ten} 350 years of 
and beyond] excellence in science 
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German Cancer 
Research Center 

(DKFZ, Deutsches Krebsfor- 
schungszentrum) Member of 

the Helmholtz-Gemeinschaft, HGF 


Faculty of Biosciences 
University of Heidelberg 


The mission of the German Cancer Research Center (DKFZ) is to 
unravel mechanisms of cancer development and to establish novel 
approaches for the diagnosis, treatment, and prevention of cancar. 
‘As a leading biomedical research center in Germany, our programs 
focus on basic and translational cancer research. The German 
Cancer Research Center is a foundation under public law and a 
member of the Helmholtz Association of National Research Centers 
(Helmholtz-Gemeinschaft Deutscher Forschungszentren). 


The following position is available at the German Cancer Research 
Center (DKF) in cooperation with the Faculty of Biosciences at the 
University of Heidelberg 


Professorship (W3) and Division 
Head for Cellular Immunology 


We are seeking a candidate with an outstanding research record 
and international reputation, who studies fundamental questions 
in immunology, continuing a tradition of excellence in this discipline 
at DKFZ. The research program of the successful candidate is 
expected to strengthen the existing research program “Tumor 
Immunology" of the DKFZ. Candidates should hold a PhD or 
MD degree. The successful candidate will have the possibility to 
participate in graduate and postgraduate programs of the Faculty 
of Biosciences at the University of Heidelberg. 


The professorship is tenured. First professorial appointments are 
limited in time before tenure can be granted. DKFZ is committed 
to increase the percentage of female scientists and encourages in 
particular female applicants. Among candidates of equal aptitude 
and qualifications, a person with disabilities will be given preference. 


Applications, including curriculum vitae, list of publications, and a 
research program, should be sent to Prof. Dr. Otmar D. Wiestler, 
Chairman, Deutsches Krebsforschungszentrum, Im Neuenheimer 
Feld 280, 69120 Heidelberg, Germany (e-mail: o.wiestler@dkfz.ce) 
not later than May 2, 2008. 
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Infectious career 
articles each week 


Career advice 


you can’t 
put down. 


nature 


jobs 


Chairperson of 
Department of Tropical 
Medicine 


Tulane University School of Public Health 
and Tropical Medicine seeks candidates for 
the combined position of Chair of the 
Department of Tropical Medicine and the 
William G. Vincent Professor of Tropical 
Diseases, 

‘The Department has strong research programs 
ininfectious diseases, including vector-borne 
diseases, AIDS and several other areas with 
extensive global research and teaching 
activities in Latin America, Africa, and 
elsewhere. There are also strong ties and 
excellent growth opportunities with the 
Schools of Medicine, and Science and 
Engineering as well as the Tulane National 
Primate Research Center, More information 
about the School and the Department is 
available at http://www sph tulane-edu/ 

‘The candidate is expected to have a netionally 
and internationally recognized research 
Program. including a strong track record in 
obtaining extramural research funding, 
‘publications in quality peer reviewed journals, 
‘ad the sility to mentor junior faculty as they 
establish a research program. The candidate 
should have a documented record of 
leadership, administrative ability, and 
communication and teaching skills. Areas of 
specialization are not limited, although 
candidates with expertise in vector-borne 
infectious diseases, parasitology and/or 
virology are strongly encouraged to apply. 
Candidates must have a doctoral degree in a 
related discipline (MD, PhD, ScD or 
equivalent) 

Interested candidates should submit 
Curriculum Vitae and ¢ statement of research 
interests to; Paula Furr, Dean’s Office TW-13, 
Talane University School of Public Health & 
‘Tropical Medicine, 1440 Canal Street, Suite 


2430, New Orleans, LA70112.  wiasroaal 


Do you have science career 
questions? 
Join-in the discussion 
with the new Naturajobs 
group on Nature Networks 


network.nature.com/group/naturejobs 


naturejobs 


making Science work 


of 
5% 
of advertisers 
would use 
Naturejobs 


again. 


naturejobs 


www.naturejobs.com 
‘Source: 2003 Naturejobs client survey. 


RECRUITMENT 


The chance 
to prove 


your talent. 


ANC Fellowship 2008 


The Executive Board of the Academic Medical Center, University of Amsterdam, has launched a new dynamic AMC 


Fellowship scheme in 2005. With this scheme the AMC intends to attract talented young scientists, as well as foster 
translational and clinical research. With the AMC Fellowship scheme the AMC supports young, talented (bio}medical 
scientists who have shown extraordinary originality and dedication, have a marked capacity for self-direction, and 
who are seeking an opportunity to establish their own independent research group. One AMC Fellowship is granted 
each year. In 2008 the fourth AMC Fellowship will be awarded. 


Applicants should have four to six years of postdoctoral work experience, although consideration can be given to 
exceptional candidates with less experience after their PhD. An AMC Fellowship is awarded for 3 years, with a possible 
extension of another 2 years. Subject to normal probationary procedures, the AMC Fellowship will lead to a permanent 
position at the Academic Medical Center. The Fellowship provides an appropriate salary for the applicant as well as 
budget for technical assistance, equipment and general infrastructure. In total a budget of € 600.000; for five years 


is available for each Fellowship. 


We are now accepting applications for the AMC Fellowship 2008. Applications should include an outline of the 
applicant's current and future research interests, a curriculum vitae including a list of publications, and at least two letters 
of support written by internationally acknowledged, senior scientists. In these letters motivated support should be given 
for the candidate as well as for the proposed research program. Applications can be sent by e-mail to the attention of 
Prof. C.F. van Noorden to AMCFellowship@ame.nl, the deadline is monday 19 May 2008. Within three weeks of 
receipt the applicant will be notified whether his/her application is taken into consideration, and if so will be informed 


of further details of the procedure. 


amg It’s your world, too 


UNIVERSITY OF AMSTERDAM, 
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Be at the sharp end. 


The MHRA (The Medicines and Healthcare products Regulatory Agency) is the government agency that plays a key role 
in safeguarding the nation’s health. We do this by ensuring that all medicines and medical devices are effective, of high quality 


and acceptably safe. 


Pharmaceutical Assessor 


The Licensing Division is responsible for the quality, safety and 
efficacy evaluation of all new medicinal products approved for 
use in the UK, and incorporates a dedicated Biological and 

Biotechnology Unit which specialises in cell and gene therapy 
products, recombinant proteins, vaccines and blood products. 


Working at the cutting edge of both science and healthcare 
regulations, it's a challenging role that will involve analysing 
and assessing data, compiling reports and making 
recommendations as to whether specific products should 
receive a licence. 


All new biotechnology medicinal products are approved 
through a centralised European procedure, and you will 
have the opportunity to work with the relevant European 
expert committees in evaluating these products. 


You will also use your expertise and understanding to provide 
guidance to pharmaceutical companies at all stages of the 
drug development process. You will work with all types of 


‘Asan Equal Opportunies employer the Department welcomes applications regardless 
‘of gender, race, disabilty or soxuaity 


Programm zur Férderung 


£35,687 - £51,344 Biological and Biotechnology Unit, Vauxhall, London 


biological and biotech products, as well as specialising in 
areas such as cell therapy or recombinant proteins. We would 
particularly welcome candidates with experience in regenerative 
medicine, tissue engineering, cell therapy, immunotherapy or 
related disciplines. 


Coming from an industry or academic research background, 
you'll bring a well-developed understanding of development, 
manufacture and evaluation of biotech products e.g. 
recombinant proteins, blood products, cell therapies and/or 
vaccines. You will have strong analytical and decision-making 
skills. This will be matched with a relevant life sciences 
degree and relevant post graduate qualifications to PhD level 
‘or equivalent. Knowledge of specific therapeutic areas will 
also be highly valued. 


To apply, please visit www.mhra.gov.uk/jobs or 
email jobs@mhra.gsi.gov.uk 


Closing date: 18th April 2008. 


der Riickkehr des wissenschaftlichen 
Spitzennachwuchses aus dem Ausland 


Der Forschungsstandort Nordrhein-Westfalen steigert seine 
Attraktivitat fir die Rickkehr des Spitzennachwuchses aus dem 
Ausland. Hier werden gut ausgestattete Positionen fir den Aufbau 
und die Leitung selbststandiger Nachwuchsgruppen im 
Bereich der Nanotechnologien ausgeschrieben. 


Je Nochwuchsgruppe stellt die Landesregierung fir einen 
Zeitraum von funf Jahren bis zu 1,25 Mio EUR zur Verfiigung. 
Die Leitungsposition ist mit Entgeligruppe 15 TVL — vergleich- 
bar W2 — dotiert. Sie erhalten eine _personengebundene 
Finanzierungszusage und etablieren Ihr Labor an einer 
Hochschule Threr Wahl in Nordrhein-Westfalen, welche Ihnen 
die beste Zukunftsperspektive und eventvell auch tenure (track) 
bietet. 


Sie forschen derzeit auBerhalb Deutschlands im Bereich der 
Nanotechnologien, verfigen iber eine qualifizierte Promotion, 
dis in der Regel ‘nicht fcinger ols 6 Jahre zurickiegt, lhe 
Lebensmittelpunkt lag vor dem Auslandsaufenthalt in 
Deutschland und Sie kénnen insgesamt mindestens 24 Monate 


ohee, y 
s cS 
we © 
Safeguarding public health maw? vastonn mor 
Urena1A 
erfolgreicher wissenschafilicher Forschung auBerhalb 


Deutschlands vorweisen. Wenn dies alles auf Sie zutrift, freuen 
wir uns auf Ihre Bewerbung unter 


www.rueckkehrerprogramm.nrw.de 


Ihre Bewerbungsunterlagen in englischer Sprache enthalten 
lebensiauf, Pubikationsiste, einen Arbeitsplan fir die néch. 
sten finf Jahre, eine Zusammenfassung Ihrer bisherigen wissen- 
schafflichen Leistungen, bis zu drei Ihrer wichtigsten Verdffent 
lichungen und Referenzen. Weitere Informationen sowie eine 
detaillierte Beschreibung des Programms finden Sie auf der 
angegebenen Internetseite. 


Bitte reichen Sie Ihre Bewerbungsunterlagen bis zum 
1, Mai 2008 (Deadline) online ein. 


Das land Nordrhein-Westfalen férdert die berufliche 


Entwicklung von Frauen, Bewerbungen von Frauen werden 
daher besonders begriift. Bewerbungen geeigneter schwerbe- 


hinderter Menschen sind erwiinscht. 


Wwra7si7A 


T=) Ministerium fiir Innovation, 
V Wissenschaft, Forschung 
und Technologie des Landes 
Nordrhein-Westfalen 


National Institute for Materials Science (NIMS), Japan 


Postdoctoral Scientists for Organic & 
Polymeric Materials 


The Organic Nanomaterials Center at NIMS, Tsukuba, Japan, is 
seeking postdoctoral scientists having a strong background in organic 
synthesis, macromolecular science, surface & colloid chemistry, and/or 
nano-materials. The NIMS/Max Planck Institute International Joint 
Lab, Potsdam, Germany, also can offer positions. Applicants should 
select one of the groups listed below and submit a full CV/publication list 
to: 

Reiko Miyajima, Secretary 

Organic Nanomaterials Center, 1-1, Namiki, Tsukuba, 

Tharaki 305-0044, Japan. 

FAX: +81-29-852-7449; E-mail: MIYAJIMA.Reiko@nims.go.jp 
Organic Nanomaterials Center, Tsukuba, Japan 


Functional Thin Films G. (@r. Izumi ICHINOSE) 
Functional Modules G. (Dr. Dirk G. KURTH) 
Macromolecules G. (Dr. Masayuki TAKEUCHI) 
Reticular Materials G.* (Dr. Omar M. YAGHI) 
Supermolecules G. (Dr. Katsuhiko ARIGA) 


Max Planck Institute of Colloids and Interfaces, Potsdam, Germany 
Supramolecular Nanomaterials G. (Dr. Takashi NAKANISHI) 


Annual salary ranges from JPY 5,800,000 to 4,500,000, including 
taxes and other charges. For the salary at the Joint Lab, please 
contact Dr. NAKANISHI. *Group to be started from April 1, 2008. 


For details, please see http://www.nims.go.jp/onc/index_e.html 
s127381R 


nature 


Nature needs an 


Associate News & Views Editor, 
Physical Sciences 


News & Views is a highly popular section of Nature and covers all of the 

sciences. Its reputation depends on publishing timely, readable and authoritative 

articles about the latest developments in science. Deadlines are often tight. 

This post involves working as part of multidisciplinary team of editors, and 

the following qualifications are essential: 

+ Education to postgraduate level in one of the physical sciences, preferably 
physics, astronomy or Earth science. 

+ A highly developed sense of literacy. 

+ Acctitical and lively interest in science in general. 

Research experience would be advantageous, and preference will be given to 

applicants with a demonstrably strong interest in the communication of science. 

‘The main responsibility will be commissioning and editing News & Views 

articles, which requires an awareness of news values and of the demands of non- 

specialist readers, sub-ediring skills and tact in dealing with authors 

This position will be based in our modern London offices. ‘To enquire 

informally about this post, e-mail Tim Lincoln at t.lincoln@nature.com, 

providing a phone number. 

‘To apply, please send your CV, a covering leter describing your suitability for the 

job, and details of currentsalary and notice period to Geetika Juneja at 

Iondonpersonnel@macmillan.co.uk quoting reference number NPG/LONI851. 


All candidates must demonstrate the right to live and work in the UK to be 


considered for the vacancy. 
nature publishing group g 


Closing date: 14th April 2008 


IN128521R 


} University of Oxford @ SGC 


The SGC 
A World Leader in the 
Structural Biology of Human Proteins 


‘The SGC (Structural Genomics Consortium) solves the structures of 
medically-relevant human proteins with a commitment to providing fundamental 
scientific information for biomedical research and drug development through 
depositions into the public domain. The SGC is organised at three sites, the 
Universities of Oxtord and Toronto and at the Karolinska Institute in Stockholm. 
Each site focuses upon separate protein target areas. 


‘An intemational team of 60 scientists at the SGC in Oxford offers a stimulating 
environment for individual and collaborative research in the areas of protein kinases, 
protein phosphatases and cancer, epigenetic regulation, oxidoreductases and 
metabolic enzymes and DNA repair, A special focus is placed on integral 
membrane proteins, @ challenging area with tremendous medical importance, 


‘The SGC currently collaborates with > 80 research groups worldwide. We are part 
of the Nuffield Department of Clinical Medicine and are located in the new Institute 
for Cancer Medicine. The centre’s institutions, which include Clinical Pharmacology, 
Radiation Oncology and the Ludwig Institute of Cancer Research, offer many 
‘opportunities for collaborations to extend the impact of biachemical and structural 
studies into drug development and clinical applications. 

Weare seeking skilled and motivated scientists with experience or interest in 
protein expression and biochemistry, X-ray crystallography, membrane proteins, 
chemical biology or any of the target areas we study, 

Ifyou wish to join us as a postdoctoral fellow or research assistant, or to 
conduct a short-term project as a visiting scientist/student, we'd like to hear 
from you, Please visit our website, www.sge.ox.ac.uk for sted positions or send 
your CV and research interests to contact@sgc.ox.ac.uk for other opportunities. 


‘The University are Equal Opportunity Employers. 
‘We positively encourage applications from people of all backgrounds 


www.sgc.o ac.uk/jobs 


School of Computing Sciences 


Two Post-doctoral 
Research Associates 


Post | - Ref: RAA74 - 5 years fixed-term 
Post 2 - Ref: RA76 - 5 years fixed-term 


£28,290 to £33,780 per annum (w.e.f.01/05/2008) 


‘These BBSRC funded Postdoctoral Research Associates are based at 


Jur2e898RM 


the University of East Anglia in the group of J. Andrew Bangham, 
working together with Prof. Enrico Coen from the nearby 
John Innes Centre. The Associates will be involved in developing 
computational tools for analysing and modelling the growth of plants. 
Why? Plants are important. Think, for example, about feeding the 
world and maintaining the ecological environment. These posts are 
available from | May 2008. 


You need not have a background in biology, but must have: 


+a PhD (or equivalent) and experience of programming at least one of 
‘2 Computer vision 
co Image processing 
© Graphics 

+ skills in programming in Matlab, C++ or equivalent. 


More information about the School of Computing Sciences can be 
found at hetp://www.cmp.ueaac.uk/ 


Closing date: | May 2008. 
Interview date: Mid May 2008. 


Further particulars and an application form can be obtained 
from the University’s web page at: http:/www.uea.ac.uldhrjobs! 
or by e-mail at hr@uea.ac.uk or by calling the answerphone on 
01603 593493 or by mail to the Human Resources Di 
University of East Anglia, Norwich NR4 77). 


ures67A 
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University of Oxford 


Nuffield Department of Clinical Medicine 


PhD Studentship - Hypoxia Signaling 


Pathways in Cancer 


‘An MRC PhD studentship is available from October 2008 to workin the hypoxia 
biology group of Professor Peter Ratcliffe FRS at the Henry Wellcome Building 
for Molecular Physiology, Old Road Campus, University of Oxford. 


Hypoxia is a critical feature of the tumour microenvironment and activation of 
the hypoxia inducible factor (HIF) transcriptional cascade is central to many 
features of aggressive cancer including excessive angiogenesis and 

altered metabolism. The project capitalisas on recent genetic insights into the 
mode of activation of these pathways and seeks to better understand the 
driving pathways underlying tumour development in the renal epithelium, 


The project will be co-supervised by Professor Ratolife and Dr Patrick Pollard 
and involves a broad range of molecular and cell biology including transgenic 
and ‘knock-out’ technology. Oxford University's Old Road Campus is ane of the 
UK's fastest growing biomedical research centres, employing in excess of 

500 biomedical scientists and offering a vibrant multidisciplinary environment 
for postgraduate training, The studentship will be suitable for graduates in 
biological sciences with interests in molecular oncology, cel biology, genetics 
and disease models. 


This 8 year studentship is available to candidates who are either UK natonals 
‘or thase who have been resident in the UK for at least the previous three years 
and who have no restrictions on the period for which they may stay in the UK 
further details on eligibility can be found on the MRC webste, 
httpi//www.mrc.ac.uk). The studentship will provide an annual stipend and 
financial support for fees. Interested applicants should visit 
httpr//www.well.0x.ac.uk for further particulars, or alternatively e-mail 

Dr Patrick Pollard (paddy @well.ox.ac.uk) with eny informal enquiries. 


Applications must be made through the University Graduate Admissions 
application process - please do not send C\Vs, as these will not 

be considered. For details of how to apply, please visit 
http://www.admin.ox.ac.uk/postgraduate/apply/ Please note that 

ididates need to submit TWO copies of their full application and that a 
cheque for £25 (made out to the University of Oxford) should be included, 
to cover processing costs. The Graduate Admissions deadline for 
applications is the 14 April 2008 - any applications received after this date 
will not be considered. Once your application has been submitted, please 
e-mail sarah.noujaim@ndm.ox.ac.uk quoting reference 
NDM/mredta08/Nature so that your application can be safely tracked. 


‘As an Equal Opportunity employer, we positively encourage 
‘applications from people of all backgrounds 


www.ox.ac.uk/jobs 
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~ 
MAX DELBRUECK CENTER 
FOR MOLECULAR MEDICINE 
BERLIN-BUCH 


in the HELMHOLTZ-GEMEINSCHAFT e.V. 


MDC 


‘The MAX DELBRUCK CENTER FOR MOLECULAR MEDICINE 
(MDC) BERLIN-BUCH is inviting applications for: 


Independent Junior Group Leader Positions 
Function and Dysfunction of the Nervous System 


(5 years, Tenure track) 


‘The MDC Berlin-Buch is a member of the Helmholtz Association of 
National Research Centers, supported by the Federal Government of Ger- 
many and the Land Berlin. It is a biomedical research institute dedicated 
to interdisciplinary research in the areas of (i) Cardiovascular and Meta- 
bolic diseases, (ji) Cancer, and (jii) Function and Dysfunction of Nervous 
System, 


The MDC is committed to expanding its impact in the field of Neuro- 
science and is seeking applications from outstanding individuals. Applica- 
tions are encourage from individuals working in all areas of neuroscience. 
Applicants using molecular approaches to study synaptic function and dis- 
function or state of the art in vivo methods to analyze neuronal activity in 
behaving animals are especially encouraged. 


Successful candidates will conduct visionary independent research, obtain 
extramural funding and engage in collaborative projects with groups at the 
MDC and the MDC-associated clinics of the Charité — Universititsmedizin 
Berlin. 


Successful candidates may be invited to apply for a Helmholtz-University 
Young Investigator Group or a Helmholtz Young Investigator Group, spon- 
sored by the President's Initiative and Networking Fund (see: http://www. 
helmholtz.de/de/Aktuelles/Helmholtz-Ausschreibungen/Helmholtz- 
‘Nachwuchsgruppen.html), The applications of women are explicitly en- 
couraged. 


For further information about the MDC Berlin-Buch please vi 
site (http:/wwwande-berlin.de), For enquiries about the pi 
contact Christina Quensel (cquensel@mdc-berlin de). 


Applications should be sent by May 5, 2008, including a curriculum vitae, 
list of publications, an outline of present and planned research and other 
relevant material to: 


Max Delbriick Center for Molecular Medicine (MDC) Berlin-Buch 
Scientific Director, Prof. Dr. Walter Birchmeier 


POB 740238, 13092 Berlin, Germany wieareM 


SJ 


the following Councils, which are expected to arise during 2008, 


Department of Innovation, Universities and Skills 


APPOINTMENTS TO THE RESEARCH COUNCILS 2008 


‘The Appointments Panels for AHRC, ESRC and NERC are seeking applications from suitably qualified academics and 
experienced individuals from the industrial/ommercial sector to fill a number of vacancies for part-time membership on 


The Arts and Humanities Research Council (AHRC) 
The Economic and Social Research Council (ESRC) 
The Natural Environment Research Council (NERC) 
‘THE CLOSING DATE FOR THE RECEIPT OF APPLICATIONS IS 24th April 2008 


Department for 
Innovation, 
Universities & 
Skills 


‘The Secretary of State for Innovation, Universities and Skills appoints members to the Councils on merit after considering 
advice from the Appointments Panel. The Secretary of State is committed to the principle of public appointment on merit, 
with independent assessment, openness and transparency of process and to providing equal opportunities for all, 
irrespective of race, age, disability, gender, marital status, religion, sexual orientation, transgender and working patterns, 


An honorarium of £6,570 is paid annually. 


Interviews for AHRC will be held on 6 and 10 June 2008 in London 
Interviews for ESRC will be held on 6 June 2008 in London 
Interviews for NERC will be held on 9 June 2008 in London 


Further information about the vacancies and application forms are available to download via our web site at 
ippointment: em bers/page15706.html 


hittpy/www.berr.gov.uk/dius/science/research-councilsipubli 


Ifyou do not have internet access please contact: ot Pa, 
Cecilia Sparke telephone number 0117 987 6822 for AHRC’s vacancies. HH 
Joanne Goddard telephone number 01793 444527 for ESRC’s vacancies 

Samantha Way telephone number 01793 442570 for NERC’s vacancies. uressn 
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Online Editor, Protein Structure Initiative Knowledgebase 


Nature Publishing Group is looking for a dynamic, organized and creative science graduate with a background in structural biology to launch and 
maintain the forthcoming Protein Structure Initiative (PSI) Knowledgebase. The successful applicant will also have a keen interest in and ideas for 
making the site accessible to a broad audience of molecular and cellular biologists as well as geneticists. 


Launching in 2008, the Knowledgebase will be an accessible online publication widely read by the research community. The site will encompass 
editorial content updated monthly on recent research, news and events, as well as databases and other information resources from the PSI. The 
Knowledgebase is an innovative publication of a type that is becoming increasingly important in academic publishing, and we are looking for 
someone who is eager to establish the Knowledgebase as a major information resource for researchers. 


The Editor will take responsibility for the site's content and high scientific quality, including writing summaries of key research developments. The 


editor will work as part of the existing teams in NPG’s Web Publishing department and at Nature Structural and Molecular Biology, and will 


se 


with the PSI. They will have, or will be shortly expecting to receive, a PhD in a structural biology-related discipline, and will have a broad interest 
and understanding of the structural biology field, including technologies and their applications. A sound knowledge of good web practice and a 
passion for the exploitation of the medium as a means of scientific communication are crucial. 


Key personal qualities for this position include: 
© Excellent writing skills 
* A strong ability to communicate with leading scientists 


An acute eye for detail, and the ability to work to firm deadlines 


The successful candidate will ideally be based in our offices in New York, although other localities may be possible. 


To Apply: Send cover letter stating salary requirements and resume via email to admin@natureny.com (Nature Publishing Group, Human 
Resources Department) no later than April 14, 2008. Note “Online Editor” in the subject header. 


NPG is an Equal Opportunity Employer. 


nature publishing group | 


nt281718 


Assistant Editor 
Nature Biotechnology 


‘Nature Biotechnology seeks an Asastant Editor for its editorial team 
based in New York. Expertise in systems biology and/or computational 
biology would be desirable, but not required. 


Members of the editorial team evaluate manuscripts, oversee the peet 
review process, commission and edit secondary materials such as 
Reviews, and write short pieces and editorials for the joumal. The 
successful applicant will attend scientific meetings and vist laboratories 
to maintain contact with the international scientific community. The 
position will play a key role in consolidating Nature Biotechnology’ 
presence in the fields of systems biology and computational biology. 


Excellent communication skills and a willingness and ability to learn 
new fields are a must. Applicants should have completed a Ph.D. in the 
biological sciences, 


‘To apply, an interested candidate should submita curriculum vitae, a 


short (500-1000 words) News and Views-style article on an exciting and 


newsworthy recent development in biotechnology, and a cover letter 
explaining their interest in the position to Human Resources 
Department, Nature Publishing Group. 


Allapplications should be sent via email ro: admin@natureny.com. 


Please place “ in the subject line, 


istant Editor Nature Biotechnolog) 


All applicants will be reviewed upon receipt with a close date of March 
31, 2008. 

Nature Publishing Group 

75 Varick Street 

New York, New York 10013, USA 


nature publishing group 


1250038 


Zebrafish Neurobiology 


Tenure-Track Faculty Position 


Université de Montréal w 


> An Assistant Researcher position leading to tenured professorship 


is available in the Department of Pathology and Cell Biology at the 
Université de Montréal (http:/www.patho.umontreal.ca/), one of the 
top research institutions in Canada with an excellent neuroscience 
graduate training program. We are seaking a neurobiologist with a 
Ph.D. or equivalent with postdoctoral experience and with expertise in 
transgenesis, genetics or gene regulation to expand our new group of 
neurobiologists (Pierre Drapeau, Louis Saint-Amant and Julien Ghislain) 
using the zebrafish as a model. This person will also collaborate with 
the new Université de Montréal Centre of Excellence in Neuromic on a 
large-scale genomic screen of mutationsin human synaptic genes linked 
to brain diseases and their validation in genetic model organisms, The 
recruit will have access to a large zebrafish faclity and other common 
resources and will be provided with an attractive start-up package. 

The candidate has to eventually develop a capacity for limited teaching 
in French, Please send a CV, short description of your research plan and 
three letters of reference by May 1", 2008, to: 


Dr Fierre Drapeau, Chair 

Department of Pathology and Cell Biology 
Université de Montréal 

PO Box 6128, Downtown Station 

Montreal (Quebec) H3C 317 

Fax; 514-343-5755, E-mail; pdrapeau@umontreal.ca 


Inaccardance with Gradian immigration requirements grorty wil be gven to Gnadian citizens 
‘and permanent residents of Canada. The Université de Mantras invalved ina program that 
promates equal work epportuniis for women aswel asfor ethnicand vible minorities, aboriginal 


erly del 
Université th 
de Montréal 
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www.med.umontreal.ca 
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STAFF SCIENTIST 
Full-Time 


Blood Systens Research stitute (BSR), a 
dynamic blood research instituie in San 
Francisco ard an afiiate ofthe University of 
California, San Francisco is seeking a 
motivated Staff Scientist. This position will 
participate in human translational research 
fon transfusion sdiety. The successful 
applicant would need to werk wellon a teamn 
‘and oversee staf performing a wee variety 
of immunology assays supporting several 
transfusion safety research projects. 
Excellent communication and writing skills 
are essential. Experience with assay 
validetion end good laboratory practices 
(GLP) preferred. MS or MPH degree in 
‘elated field required. MD or PhD preferred. 


Two years of postgraduate experience 
required and at least two English language 
first author publications in PubMed database 
or career development award required, 
Previous supervisory experience is preferred. 
‘To exoress your interest please submit your 
Resume by April 4, 2008 to: Human 
Resources, Blood Systems Research 
Institute, 270 Masonic Ave,, San Francisco, 
CA 94118; E-Mail BSRlcareers 


Advancing science. 
Serving patients. 


‘Amgen, a biotechnology pioneer, discovers, develops and delivers innovative human 
therapeutics. Our medicines have helped millions of patients in the fight against cancer, 
kidney disease, asthma and other serious ilesses. With a deep and broad pipeline of 
potental new medicines, we continue to advance science to serve patients 


We have two positions available in Thousand Oaks, CA in support of our Inflammation 
Research Therapeutic Area: 


Senior Scientists 

You will discover and develop therapeutics for chronic autoimmune and inflammatory 
diseases such as asthma, IBD, RA, MS and OA. These positions require a PhD and/or MD 
with at least four years of postdoctoral experience in an area relevant to immunology/ 
inflammation research. Small molecule and/or protein drug development experience 
would also be beneficial. 


For one of the positions, preferred candidates will have expertise with in vivo models of 
autoimmune disease and inowledge of B cel biology. For the other position, you should 
have experience working with ex vivo cartilage expiants and conducting animal models of 
osteoarthritis (0A), including evaluation of candidate therapeutics in these models. 

In addltion to supporting ongoing programs within the department, you must be able to 
lead research programs that seek to identify new targets. You must also be able to work 
well in a cross-functional, multi-location team environment. Strong communication skills 


based @bloodsystems.org 
, ‘ Preemployment chug screen required. 

Please apply online at www.amgen.com/careers and reference the appropriate code. CP OTEOEMP DN, ores aal 
1206 


Senior Scientist Inflammation, Thousand Oaks: * 50187161" 
Senior Scientist Inflammation, Thousand Oaks: * 50184030" 


AMGEN’ 


Pioneering science delivers vital medicines™ 


www.amgen.com/careers 
[As an EEO/AA employer Amgen values a diverse combination of 


For the latest advertiser 
offers and news go to: 
http://www.naturejobs 
.com/advertisersinfo/ 
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Perspectives and cultures. M/F/D/ 


naturejobs 
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MOTOR NEURON CENTER 


COLUMBIA UNIVERSITY 


SSE ovine cry or new vom 


Motor Neuron Center/ ALS Center Faculty Recruitment 


‘The Columbia University Center for Motor Neuron Biology and Disease (MNC) and the 
Eleanor and Lou Gehrig MDA/ALS Research Center are recruiting faculty with interests 
in motor neuron biology, SMA, ALS orrelated motor neuron diseases to join a translational 
program involving basic and clinical research, Individuals in any of these areas may apply 
but we are particularly interested in hiring a clinician-scieatist to see ALS patients at the 
ALS Center and in parallel carry out their own research program in any of the basic or 
clinical ateas covered by the Motor Neuron Center (www ColumbiaMINC org). We are also 
secking clinical and/or basic scientists with an active research program focused on 
therapeutic strategies and disease mechanists in animal models of SMA or ALS. 


We encourage applications for positions at the Assistant or Associate Professor level, but 
will also consider applications from more senior investigators for positions at the level of 
full Professor. 


Columbia University has a world-renowned program in neurobiology and behavior and in 
medical and surgical neurology. Faculty will be affiliated with the Departments of 
‘Neurology and/or Pathology and Cell Biology, but will interact with other programs at the 
Medical Center and Morningside Heights campus. As members of the MNC, faculty will 
have access to core facilities including high-throughput screening and internal grant 
programs. 


Applications should be submitted by Tune 1st, 2008. A curriculum vitae, a cover letter 
including statement of interests, and three letters of reference under separate cover should 
be e-mailed care of Mr. Michael Shelley at ms3561@columbiaedu. In addition, please 
mail a hard copy of these documents to; 


Chair, Motor Neuron Center Search Committze 
clo Mr. Michael Shelley 

BB-302 

630 West 168th Street 

New York, NY 10032, USA 


Columbia University takes affirmative action to ensure equal opportunity. 
nwi2edssr, 
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Muenster, Germany 
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The Medical Faculty of the Westfalian Wilhelms-University Muenster offers the 
position ofa 


University Professor (W3, life time position) 
for Cardiology and Angiology 


in the Department of the Medical Clinic C with the main focus on cardiology starting 
‘March 2, 2099. The future holder of the position (male/female) must fully represent 
the subjectwith regard to research, teaching and patient care. 


‘The occupation of the position aims atthe enhancement of the established research 
field in cardiovascular medicine. The successful candidate (male/female) must 
have an internationally recognized research profile in the field of cardiology. 
Documented excellent experiences in the complete field of cardiology including 
all common interventional techniques and intensive care are requested. 


Candidates are eypected to participate in int esearch programs of the Medical 
Faculty, such as “interdisciplinary Clinical Research Centre” (IZKP), the "Centre of 
Clinical Studies" (ZKS), the Collaborative Research Programs (Sonderforschungs- 
bereiche) the Max-Planck-Institute of Molecular Biomedicine and the Leibniz 
Institute for Arteriosclerosis Research, 


Prerequisite for the application are scientific achievements as a junior professor, 
alter ly, scientific achievements can result from a postdoctoral lecture 
qualification (habilitation), work as a research scientist at a school of higher 
education/university, non-university institute, industry, administration, or other 
fields of society within or outside Germany. 


Applications of women are specifically invited. In the case of similarqualification, 
competence, and specific achievements, women will be considered on preferential 
terms within the framework of the legal possibilities. Handicapped candidates 
with equivalent qualification will be given preference, 

According to a resolution by the Conference of the German Ministers for Science 
and Education of November 19, 1999, professors with clinical tasks will principally 
be employed on the basis of individually negotiable contracts (exceptions are 
possible, if applicants are already employed as life time professor of the salary 
group C3-4/W2-3). The clinical duties affiliated with this professorship willbe laid 
down in a separate contract with the Universitatsklinikum. 


Dacuments ip supportof an aplication, enclosing Cy, scientific carer, stuctured 
catalogue of publications, acquired third-party funds and reprints of the ten 
most important publications should be submitted to the Dean of the Faculty of 
Medicine, University of Minster, Domagkstr. 3, 48129 Minster, Germany, by 
April25* 2008. 

References: http:| /campus.uni-muenster.de/service/Merkblatt_Berufungen.pot 


Arizona's Firstlatinum 
LEED Certification 
-US.GI 


ASPIRATION 


PERSONALIZED 
MEDICINE 


OUTPACING 
INFECTIOUS 
DISEASE 


ENERGY AND THE 
ENVIRONMENT 


SECURING A 
SAFER WORLD 


— Designing synthetic antibodies for multiplex diagnostics that detect disease 
presymptomatically. 

— Creating a prophylactic cancer vaccine. 

— Discovering and validating biomarkers for diagnostic and therapeutic use. 


— Creating novel bacterial, viral and plant-based vaccine platforms aimed at 
effective, low-cost solutions. 

— Designing high-throughput platforms for accelerated identification of 
immunizing epitopes as vaccine candidates. 


— Developing a bacteria-based, high-yield biofuel. 
— Inventing new environmental remediation approaches. 
— Advancing technology to improve solar energy efficiency. 


— Using real-time sensors and integrated lab-on-a-chip technologies to detect 
signatures of emergent diseases and environmental and bioterrorist threats. 


2 
S 
S 
& 
= 
5 
x 
ra 
S 
id 
4 
=) 
& 
Zz 
= 


RECRUITMENT 


12|NATUREJOBS|27 March 2008 


Max Planck Institute for 
Neurological Research 


MAX-TLANCK.GESFLISCHAPT 


‘At the Max Planck Institute for Neurological Research Colagne 


a full-time postdoctoral position 
on cancer cell biology and cancer genomics 


is available starting June 1 2008 fora period of 3 years in the Functional Cancer 
Genomics lab led by Roman Thomas 

Our group is a highly dynamic and competitive research lab with active collabo- 
rations with global leaders in the area at Harvard, MLLT,, other Max Planck 
Institutes and the Pharmaceutical Industry. 

Our research is focused on understanding functional, cell biology aspects of can- 
cer genomics. We apply high-density SNP arrays for analysis of gene copy num- 
ber changes, as well as expression arrays and gane mutation analyses to yene- 
rate genetic lesion profiles of large cancer cell line collections We apply compu- 
tational biology and mclecular cell biology methods to understand the biological 
impact of these genetic alterations. In particulsr, we use high-throughput cell 
based compound screening as well as systematic lentiviral RNA interference to 
define signaling pathway dependencies and novel potential drug targets in human 
cancers, h-vivo experiments can be performed in collaboration with the molecu 
lar imaging groups at the Institute. Overall, our approaches are systematic innatu- 
re with in-depth molecular follow up of single leads in order to identify fundamen- 
tal molecular principles governing oncogenic transformation and growth. 

The position requires a PhD orMD degreeina relevant feld, such as cancerrese- 
arch, molacular cell biology, computational biology, biostatistics or oncology. 
Experience in molecular biology, cancer genomics, as well as mathematical and 
scripting skills (preferably R or MATLAB) are highly desirable. For further infor- 
mation please contact Roman Thomas (e-mail nini@nfmpg.de| or see our vebsi- 
te at wwww.nmpg.de/index, php id= 1978&L=1 

The Max Planck Society is an equal opportunity employer and particularly welco- 
mes applications from individuals with disabilities, 

Please submit your application including a detailed CY, list of publications, two 
references, and a brief statement of research interests as a single .pdf fle by 
email only by April 30, 2008 to Roman Thomas: nini@nf.mpg.de 


wrageran 


} University of Oxford 


Head of Clinical BioManufacturing Facility 
Grade 10: Salary £45,397 - £52,628 with a discretionary range 
to £57,508 p.a. 


‘An exciting opportunity has arisen to head up this unique and innovative 
facility embedded within the Nuffield Department of Clinical Medicine, 

University of Oxford. The CBF has a Manufacturer's Authorisation for 
Investigational Medicinal Products (MP's) from the Medicines and Healthcare 
products Regulatory Agency (MHRA). Currently the CBF is manufacturing 
adenoviral vectors for use as novel vaccines and cancer therapies and is 

entering a phase of continued growth, 

We are seeking an experienced scientist/enginear to manage the day-to-day 
operation of the CBF and be actively involved in the production and development, 
of IMP. Working with a team of 8 other staff and supported by a senior 
management committes, you will ensure the cGMP compliance of the facility, 
co-ordinate the activities of production, development, quality assurance, 
regulatory compliance and H&S. 

Interested applicants should have a post graduate qualification in a related 

field and relevant experience in a regulated environment along with cGMP 
manufacturing experience of biological IMP's and excellent managerial skills. 


Prior commercial experience would be an advantage as the postholder will 
be involved in the strategic development of the facility, business plans, 
financial management, project planning and drawing up technical agreements 
between CBF and its customers. 


Position is offered for two years in the first instance. 
Closing date of applications 11th April 2008. Initial enquiries should be 
made to Shirley Varney on 01865 617604 quoting reference HC-03-101-GS, 
or email orerb.personnel@ndm.ox.ac.uk 


‘As an Equal Opportunity employer, we positively encourage 
applications from people of all backgrounds 


www.ox.ac.uk/jobs 


www.naturejobs.com 


uizeee7A 


Newcastle 
University 


Northem Institute for Cancer Research 


Lecturer (Molecular Genetics/ 


Cytogenetics) £29,139 - £40,335 p.a. 
Based in the Leukaemia Research Cytogenetics Group (LRCG), part of the 
Northern Institute for Cancer Research, you will work with Professor Chiistine Harriscn 
Professor of Childhood Cancer Oytogenetics) and Dr Anthony Moorman 
(Reader in Genetic Epidemiology) and will conduct molecular genetics and other 
elated technologies as part of the ongoing research programme funded by the 
Leukaemia Research Fund. You will have expertise in most of the following areas of 
molecular genetics, cytogenetics, fluorescence in situ hybridisation (FISH), 
genomic arrays, gene expression, functional analysis and preferably experience in 
techniques of genetic edification. 

Working in @ multidscipinary team, your research will focus on the discovery and 
characterisation of ganetic abnormalitiesin acute leukasmia. As wellas further developing 
your own area of research, you will play @ leading role in maintaining the international 
‘eputation of the LACG. You will be involved in some teaching and supervision of PhD 
students and other junior staff. The post is available from 1 May 2008 as a temporary 
posttion for an initial period of three years, further programme grant funding willbe sought 
at that time. 

For further details or an informal discussion relating to academic activites please contact 
Professor Chistine Harrison, e-mail: c.j}harrison@soton.ac.uk or tel: (023) 8079 8783 or 
Dr Anthony Moorman, e-mail: anthonymoorman@nclac.uk or tel: (0181) 246 4460). 
Additional information about the Northern Institute for Cancer Research can be found at: 
hitpy/www.nclac.uk/nior/ 

Glosing date: 18/04/08, 


Job reference: A048A. 


Research Associate (Molecular Genetics/ 


Molecular Biology) Starting salary up to £29,139 


Basedin the Northem Institute for Cancer Research (NCR) and working dosely with other 
groups invohed in leukaemia research, you wil join Professor Chrisine Haisonis 
Leukaemia Research Cytogenetics Group (LRG): a world leader in leukeemia genetics, 
molecular cytogenetics and related state-of-the-art technologies. You will be involved in 
projects aimed at the identification and detailed investigation of novel genes in acute 
‘eulaemia in relation to their dinical associations within the UK acute leukaemia 
treatment tds. You wil have a good publication record, as well as experisnce of 
conducting research on specific projeds within the Leukaemia Pesearch programme. 
Youwil tain, superise, achise and ald other researchers within the team, as appropriate. 
This isan exoallent cpportunity fora scientist wih interests in translational research related 
tp leukaemia genetics, 


ihfornal apprcaches can bemadeto Professor Christine Hartson, 
mal: cjharison@soion ack or Dr. Anthony Moorman, 
e-maltanthony. moomenGnel.ac.uk The posts tenable for 
unt 3108/11 

‘Closing date : 18/04/08. 

Job reference: A049R. 


Please apply on line at http://wwwnclac.uk/vacancies/ 


www.ncl.ac.uk/vacancies 
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Karsten Gottke, sanofi-aventis 


Julius-Maximilians- 


UNIVERSITAT 
WURZBURG 


The Biocenter atthe University 
of Wiirzburg (Germany) 
invites applications for a 
fullitenured professorship (W3) 
inthe field of 


Animal Ecology (Zoology III) 


The Chair of Zoology Ill (Animal Ecology) is part of the Theodor-Bover-Insiitut for 
Biosciences at the University of Wurzburg, Germany. 


Successful applicants willbe expected to represent the subjectof Animal Ecology 
in teaching and research. They should have a distinguished international research 
record in current and active areas of Animal Ecology. Applicants with a strong 
background in Tropical Biology will be preferred. Their research should 
complement existing fields of research in the Biocenter, particularly the 
collaborative research centers "Mechanisms of Inter-Specific Interaction of 
Organisms (SFB 587)’ and “Mechanisms and Evolution of Aithropod Behavior. 
(654)". We expect enthusiasm for cooperation in interdisciplinary research, the 
willingness to participate in the graduate school of life sciences, and involvement 
inthe academic administration. 


Qualified applicants should hold a Ph.D., have experience in lecturing and 
teaching at the university level, and have completed the German "Habilitafon” or 
fave an equivalent qualification, e.g. by having been a jurior group leader. 


Applicants should not be older than 52 years at the moment of the actual 
acceptance of the professorship (apart from exceptional cases allowed by 
Bavarian Law (Art. 10 Abs. 3 Satz2 ByHSchPG). 


‘The University of Wirzburg wants to increase the proportion of women in the 
academic staff and thus explicitly encourages women toapply for this position. All 
cther qualification being similar, handicapped persons willbe preferentially hired. 
Detailed instructions for applications and electronic submission can be found on 
cur website (http:/)www.dekanat.biozentrum.uni-wuerzburg.de). Please submit 
epplications as hardcopy and electronically by May 9, 2008 to: 


Dekan der Fakultat fiir Biologie 


Biozentrum, Am Hubland, 97074 Wirzburg Wress008 


BBAFASRAVAA A041 LUAZRAB 
REFAS TARR 
HieOF—VIcHa CHREKUBA EIS CURE SA EEF LBRLES. 
(A) BBR O ARE RIHAICOLIT 
(B) MEMORBY AT LOBE 
KOS SIROTA OD. REE 
CTHOICITF<OBEAE. BACB GERLET. 
BE: BUEDET 
7770-8503 @BR@S haan 3-18-15 
BBARFASRAIVAI 4494 IVARRR 
SU ATL RRSSI ERAN SRR, RBRESOS BR 
Tel: +81-88-633-9249 Fax; +81-88-633-7113 
E-mail; akiratak@nutr.med. tokushima-u.ac.jo 


BES. SRT. thi 


POSTDOCTORAL RESEARCH SCIENTIST 


(Ref 0104/08) 

Applications ate invted for a Postdoctoral Research Scientist position in the area of 
bacterial genomics, proteomics and molecular pathogenesis. The appointee is 
‘expected to apply innovative “omics” approaches to the analyses of significant 
bacterial pathogens, preferably but not exclusively in the area of foodbome 
pathogens, principally Campylobacter. Applications from candidates with expertise 
in relevant zoonotic, human or animal pathogens are weloome. The appointee will 
progress an innovative research topic and will be expected to collaborate with 
colleagues within and out with the Institute, 

we Salary —circa £25,400 

For application detalls and further information 


\vr please visit: www.moredun.org.uk 
or telephone + 44 (0) 131 445 5111, 
Moredun Closing date for applications: 18 April 2008. 


Us28851R, 


Want the best of the global market? 


Make naturejobs your first choice. 


imaking science work 


NETHERLANDS INSTITUTE FOR NEUROSCIENCE 


The Netherlands Institute for Neuroscience (NIN) is an institute of the 
Royal Netherlands Academy of Arts and Sciences (KNAW). Its main 
activity is fundamental and strategic scientific research in the field of the 
neurosciences, with an emphasis on brain research and research of the 
visual system 

Within the Dept. Retinal Signal Processing, headed by Prof. Dr. M. 
Kamermans, positions are available for 

Postdocs in visual neuroscience 


The projects include: 1) Mechanism and function of lateral inhibition in 
the outer retina; 2) Contribution of outer retinal lateral inhibition to the 
‘surround responses of ganglion cells and the visual performance of the 
whole animal; 3) Information coding in the outer retina and its 
consequences for color vision; and 4) The role of connexins and 
pannexins in retinal processing. 

The lab is strongly multidisciplinary and has a background in 
electrophysiology, morphology, molecular biology, computational 
modeling and behavioral essays. The group makes extensive use of the 
wild-type and transgenic zebrafish. 

Candidates with expertise in patch clamping, two-photon imaging or 
zebrafish genetics are strongly encouraged to apply. Knowledge of the 
visual system is highly appreciated. 

The postdoc positions involve a temporary appointment for 4 years. 

To apply, please send application letter, CV and two letters of 
recommendation, before 

1 May 2008, to: 

Prof. Dr. M. Kamermans 

The Netherlands Institute for Neuroscience 

Dept. Retinal Signal Processing 

Meibergdreef 47 

1105 BA AMSTERDAM 

The Netherlands 

Phone: +31 20 5665180 

Email: m.kamermans@nin.knaw.n! 


Webpage: www.nin.knaw.nl/~kamermans wissen 


ity 
er 


Faculty of Medical and Human Sciences 


School of ‘al and Laboratory Sciences 


Research Associate 
Salary £26,666 p.a, 


We seek an enthusiastic individual to study the roles of Rac kinases 
in cardiac electrical and contractile functions using a model in 
which this enzymes specifically deleted in cardiomyocytes 


(Ref MHS/80227) 


The Universi 
of Manchest 


You will be highly motivated with a PhD or equivalent in molecular 
biology, biochemistry, physiology or pharmacology.A research 
background in cell signalling and/or cardiovascular biology is 
desired as is competence in the use of transgenic models and in 
vivo techniques. 

You will join a large dynamic community of cardiovascular scientists 
with modern, well-equipped facilities for the measurement of the 
physiclogy and molecular biology of cardiac function. 

The post is tenable from 1 June 2008 for 3 years. 

Informal enquiries may be addressed to: Dr. Ming Lei, Tel: 0161275 1194 
E-mail: ming lei@manchester.ac.uk or Dr. Xin Wang, Tel: 0161 275 5616, 
Email:xinwang@manchester.ac.uk or Dr. Elizabeth Cartwright, 

Tel: 0161275 1629, Email: elizabethj.cartwright@manchester.ac.uk 
‘Application forms and further particulars can be obtained at 
www.manchesterac.uk/news/vacancies, Ifyou are unable to go 
onlineyou can request a hard copy of the details from Barbara Miines, 
‘Tek: +44-161-275-n190. E-mail: barbara.milnes@manchesteracuk, 
Closing date: 11 April 2008. Please quote reference MHS/80227. 


The University will actively foster a culture of Inclusion and diversity and wil eek to 
achieve true equality ofopportunlty forall members of ts community. 


www.manchester.ac.uk/jobs 


ures 
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TOXICOLOGY UNIT 


Three Career Development Fellowships - 
Mechanisms of Neuronal Apoptosis and Neurodegeneration 


Med 


MRC | count 


‘The Medical Research Council Toxicology Unit, a leading research centre for mechanisms of cell injury and death directed by Pierluigi 
Nicotera, invites applications from highly motivated scientists to work on the following project areas: 


Ref: TOXO8/150 
neuronal culture systems. 


Ref: TOX08/151 


Ref: TOXO8/152 
mitochondrial function. 


Molecular mechanism of mitochondrial dysfunction in neurodegeneration using Drosophila models and mammalian 


The implications of mitochondrial DNA damage and autophagy on synaptic plasticity and survival of central neurons. 
The role and functions of p73 and p63 in neuronal degeneration, with emphasis on the control of cell death and 


‘These are three-year training and development positions for recently graduated postdoctoral scientists or those wishing to move into a 
new research discipline. Experience of molecular and cell biology techniques is essential. The Toxicology Unit, located at the University of 
Leicester, has multidisciplinary programmes in apoptosis, cancer and neurodegeneration with state-of-the-art facilities for cell imaging, 
genomics and proteomics. The minimum starting salary will be from £25,368 per annum. 


For further information about these vacancies and research programmes please visit http://www.le.ac.uk/mrctox/ 


Applications must be made online at http://jobs.mrc.ac.uk inputting the relevant reference. If you do not have internet 
access or experience technical difficulties please call 01793 301257. 


Closing date for applications: 24th April 2008 


Universitat Karlsruhe (TH) 


Forschungsuniversitat - gegriindet 1825 


KIT 


‘The University of Karlsruhe (TH) and the Research Centre Karisruhe have 
recently merged to the Karlsruhe Institute of Technology (KIT) and ere 
jointly planning their future research strategies. The Faculty of Chemistry 
and Life Sciences at the University of Kar'sruhe (TH) has an immediate 
‘opening for a 


W3-Professorship for Organic Chemistry 
(successor for Prof. Dr. Dr. Richert) 


We are in search of a highly reputed scientist who is able to represent 
the entire field of Organic Chemistry in research and teaching. The future 
colleague should be engaged in a modern topic of Organic Chemistry to 
complement the existing research areas at the institute and KIT. She/He 
is invited to actively participate in local graduate schools and research 
networks such as the Centre for Functional Nanostructures (CFN). 


The teaching responsibilities of the professor encompass her/his 
comprehensive participation in ongoing and new study courses, including 
English and interdisciplinary sylabuses (e. g. in "Chemical Biology"). 
Applicants are expected to have gained a “Habilitation” or equivalent 
scientific qualifications, 


‘The university is an equal opportunity employer and encourages applications 
from qualified females. 

Handycapped persons will be preferentially considered when equally 
qualified 


Conditions of employment are regulated by § 47 of the Federal State law 
for universities in Baden-Warttemberg, 


Applications including the usual documents, a resumé of previous and 
planned research and teaching activities, as well as reprints of the 5 
most relevant publications, should be submitted by May 15 2008 to 
the University of Karlsruhe (TH), Dean of the Faculty of Chemistry 


and Life Science, 76131 Karlsruhe, Germany. wrens 


cc 


» 
Margarida D. Amaral, PhD 
Assistant Professor 
Department of Chemistry and Biochemistry 
University of Lisboa 


r2865cR 


Post Doctoral 
Fellow 


Situated in Mill Hill, North West London, NIMR is the largest MRC institute, 
supporting some 70 research groups and 500 bench scientists. The Institute 
provides excellent taining for researchers in a multi-disciplinary environment and 
's equipped with siate of the art facilities. hitp:/www.nimr. mre.ac.uk/employment/ 


Division of Mathematical Biology- 3 year fixed term position 


We are offering a 3 year MRC funded Career Development Fellowship. The project 
will focus on computational approaches for the analysis and prediction of protein 
structure. Itwill involve applying these methods to proteins of biomedical interest 
and also to protein design. 


You should have a PhO, preferably in a bioinformatics related subject with 
knowledge of protein structure and ideally experience in protein structure 
prediction or design. Good programming skills are expected preferably with a 
knowledge of C and perl. 


For informal enquires please contact Dr Willie Taylor Tel. 0208 816 2298 or email 
wlaylor@nimr.mre.ac.uk 


Starting salary range is from £26,808 - £32,488 per annum inclusive of Location 
Allowance. MRC final salary Pension Scheme is available. 


Applications for this role should be made online at http:/jobs.mrc.ao.uk. if you do 
not have internet access or you experience technical dificulties please call 
01793 301157 quoting reference NIMRO8/65. 


The closing date is 24 April 2008. 
The MRC is an Equal Opportunities Employer 


Avoid getting 
in it with 


impressive 
interview and 
resume/CV advice naturejobs 


Technischa Universitat Miinchen T™ 


‘The Faculty of Life and Food Sciences at Freising-Weihenstephan invites 


applications for a 
Full Professor (W3) 
of Animal Nutrition 


The person filing this position should represent the field of Animal Nutrition in 
teaching and research at an internationally approved standard. In research, 
the candidate is expected to piace an emphasis on molecular nutrition 
physiology and performance physiology of animals used for food production. 
Based on this knowledge, modem concepts of Animal Nutrition should be 
developed which allow for the production of healthy food of animal origin. In 
teaching, the whole spectrum of the nutrition of farm animals must be 
presented, The successful candidate will primarily teach in the Bachelor study 
program “Land Use (Agricultural and Horticultural Science)” and in the Master 
study program “Agricultural Science’. Partcipation in other biological courses 
of the Technische Universitat Minchen is required. 

Preconditions for employment as a professor are: successful completion of 
‘academic studies at an institute of higher education, pedagogical aptitude, 
Ph.D./doctorate and postdoctoral lecturing qualification or certification of an 
equivalent academic achievement, which may also have been obtained 
outside an university environment. At the tine of appointment, applicants 
should not bs older than 52 years. Under certain circumstances the age limit 
may be lifted (ee Art. 12 (3) sentence 2 BayHSchi@). In case of equal 
eligibility, preferential consideration will be given to disabled candidates. 

‘The TUM is striving to increase the proportion of women in research and 
‘education and thus expressly invites qualified female scientists to apply for 
this position. 

Applications with the usual supporting information (CY, list of publications, 
copies of the most important papers, testimonials, certificates, etc.) should be 
submitted by April 30, 2008 to: 


Dekan der Fakultat Wissenschaftszentrum fir Emahrung, 
Landnutzung und Umwelt, 
Alte Akademie 8, 85354 Freising-Weihenstephan, Germany 


wi2asi18 


By 

y $ Faculty of Life Sciences 

oO i tse 
25 Post Doctoral Research Associate in 
5 . Breast Cancer Research 

u = (Ref 1S/80203) 

1S £26,666 - 432,796 per annum 

ES 


You will join the Welcome Trust Centre for Cell- Matrix Research 
and the Manchester Breast Centre. The project is part of ongoing 
programme of research that aims todetermine how Focal Adhesion 
Kinase regulates mammary gland biology and breast cancer 


You should hold (or expect to obtain shortiy) a PhD in a relevant 
subject. The position would suit a molecular or cell biologist 
with relevant experience, preferably in the area of cell signalling 
and cancer 


‘The position is funded by the Breast Cancer Campaign for upto 
three years. 


Informal enquiries may be addressed to: Dr Andrew Gilmore, 
+44 [0161 275 3892 Email:agimore@manchesterac.uk, 

or to Professor Charles Streuli, Tel:+44 (0161 275 5626 

Email: charles.streuli@manchesterac.uk 

Application forms and further particulars can be obtained 
at www.man.ac.uk/news/vacancies or from The Directorate 
of Human Resources. Tek +444 (0) 161275 8836 

Email Lifesciences-hr@manchester.ac.uk 


‘The closing date for applications is 1 April 2008. Please quote 
reference LS/80203. 


The University will actively foster a culture of inclusion and diversity and wil seek 
toachleve true equally of opportunity for all members of ts community 


www.manchester.ac.uk/jobs 


ranean 


The University of Edinburgh is an exciting, 
vibrant, research-led academic community 
offering opportunities to work with leading 
Intemational academics whose visions are 
shaping tomorrow's world. 


MRC and University of Edinburgh 
Centre for Regenerative Medicine 


‘The MRC Centre for Regenerative Medicine at the University of Edinburgh 
(wwwscrm.ed.ac.uk) is a new initiative supported by major investment 
from Scottish Enterprise, Scottish Funding Council, and MRC. Our focus 
is the fundamental biology of stem cells and tissue regeneration and 
related transiational/clinical research. 


We ate actively recruiting internationally competitive groups investigating 
the properties and potentials of vertebrate stem and progenitor cells, 
to complement cur existing strengths. We are interested in applications 
from researchers active in both basic biology and translational areas, 
including technology development. 


We currently have openings, supported by the University and other 
funding bodies, available at all career stages from Career Development 
Fellow to Chair. 


For informal enquiries, please contact Professor Sir lan Wilmut 
(ian.wilmut@ed.ac.uk), Professor Charles  ffrench-Constant 
(cffc@ed.ac.uk) or Professor Claus Nerlov (Nerlov@emb! 
clo MRC Centrefor Regenerative Medicine, University of Edinburgh, 
Chancellor's Building, 49 Little France Crescent, Edinburgh EH164SB. 
Tel: #44 131 242 6630. Fax: +44 131 242 6629, E-mail: scrm@ed.ac.uk 


Closing date: 31 May 2008, 


Committed to Equality and Diversity 


INTERNATIONAL PhD PROGRAM 
MOLECULAR BIOLOGY OF CANCER AND INFECTION / ISREC — CHI 
FALL SESSION 2008 


USANNE-SWITZERLAND 


APPLICATION DEADLINE : JUNE 15", 2008 
\WWW.INTERNATIONAL-PHD.CH / OFFICIAL LANGUAGE IS ENGLISH 


EPFL (EOLE POLYTECHNQUE FEDERALE DE LAUSANNE) 
SCHOOL OF LIFE SCIENCES 
'SREC (SWISS INSTITUTE FOR EXPERMENTAL CANCER RESEARCH) 
NE SHI (GLOBAL HEALTH INSTTUTE) 


Wierik 
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UNIVERSITY OF DELHI 
Advt. No.: Estab-IV/201/2008 Dated: 12th March, 2008 


Applications are invited in the prescribed form for the teaching positions in the following Departments of the 
Faculties of Science and Mathematical Sciences.The last date for submission of application is 21-4-2008. 


Faculties/Departments No. of Vacancies 


P R E RA 
TOTAL] SC_| ST | OBC | UR 


Faculty of Science 
‘Anthropology I T 
Dr.B.R.Ambedkar Centre for Biomedical Research I : 
Botany 6 PR 
Centre for Hill Environment : | 
Chemistry 6 5 
Centre for Professional Development and Higher Education T 
Environmental Biology s S 
Geology TPR 
Physics & Astrophysics 2 6 
Zoology 7 3 

Faculty of Mathematical Sciences 
Computer Science I - 
Mathematics 1 l 
‘Operational Research : 3 
Statistics 2: ! 


yo 


ww} + 


HJal)i). 
feof te 


Hjr}rs]— 


P — Professor, R - Reader, L— Lecturer, RA — Research Associate 
SC ~ Scheduled Caste, ST — Scheduled Tribe, OBC — Other Backward Class, UR—Unreserved. 


For further details regarding scale of pay, Essential Qualifications (Annexure-I), Special/ Desirable Qualifications (Annexure-II), and application 
form, please see Delhi University website : www.du.ac.in OR contact Estab-IV, Room No.205, New Administrative Block, University of Delhi, 
Delhi — 110007, INDIA, Ph.— +91 11 2766 2021, e-mail : estabiv@yahoo.coin 

REGISTRAR 


RW128775R, 


——“Finding a nee Job is a " P baat 
. 1 is year stop making excuses and start forging 
chrte Ist dant have he yourself a career in science. Naturejobs will ease you 
tumeé or the out of your comfort zone and into a role where you'll 
we show your potential. 


We've better jobs to move you up the career ladder. 
Plus regular, insightful career articles to maintain your 
momentum. 


Sign up for our job alerts and monthly newsletter as 
your first step. You'll be sent the latest career articles 


and the hottest jobs directly to your in-box. 


We're now adding more jobs than ever to our database. 
In whatever discipline, region, level or sector you want. 


Visit naturejobs.com now. You've no excuse not to. 


Naturejobs — making science work 


naturejobs rabure publishing group pg 


University of 


e Reading 


wwwi.readingacukljobs 


Reader|Senior Lecturer in 


Palaeoecology 
School of Human & Environmental Sciences 


This appointmentis full-time, permanentandstarts on 1 September 2008 
Grade 8 -£42,791 to £46,161 per annum 


AReader/Senior Lecturer in Palaeoecology is required to expand 

therange of teaching and research excellence within 

Environmental Archaeology, Quaternary Scienceand Physical 

Geography. 

We are especially interested in candidates with an expertise in palynology, but are 

willing to consider those with other palaeoecological specalisms. We are seeking a 

cancidate with an excellent track record of research, an ability to convene the NERC 

funded MSc Geoarchaeology and who can contribute to the School's enterprise 

agenda, 

Youwill have 

+ anexcellent track record of securing research funding and project completion 

+ extensive experience of teaching palaeoecology at undergraduate and 
postgraduate level 

+ a track record of PhO studentrecruitment and supervision 

+ ideally experience of academic management and leadership orthe potentialto 
provide these 

+ ideally, experience of enterprise activity, or the potential to contribute to such 
activity within the School 

+ ideally, experience of nter-disciplinary research, or the potential to engage insuch 
activity within the School 

The University provides excellent opportunities for further training within Its Centre 

for Staff Development 

Informal enquiries: contact the Head of School, Professor Steven Mithen on 

+44 (0)118 378 6102 or email s,mithen@reading ac.uk atemativey, contactthe 

Director of Laboratories, Professor Martin Bell or +44 (0)118 378 7724 or emall 

mg,bell@readingac.uk 

‘losing date: 25 April 2008 

Interview date: 3 june 2008 

Furtherinformation and application formsare available at 

www: reading ac.uk/jobs, or from: é 

Human Resources, University of Reading, Whiteknights, 

PO Box217, Reading RG6 6AH, 

Telephone +44 (0)118 378 6771 (voicemail) 


Please quote reference number RD08001 
Te Que’ 


We value adiverse workforce and welcome AweIVERSARY PRizts 
applications fromallsections ofthe community 2008 
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UNIVERSITY°F 
BIRMINGHAM 


The University of 


Nottingham 


Midlands Ultracold 
Atom Research Centre 


5 midlands _ 
physics alliance 


Lecturers (Four posts) 


Experimental cold atom physics 


£30,012 - £40,335 pa 
Salary can progress to £46,759 perannum, subject to performance. 


For more details and /or to apply on-line please access: 
The University of Nottingham 
http://jobs.nottingham.ac.uk/CJ25411S 

Please quote ref. CJ/25411S 

Tel: 0115 951 3262/Fax: 0115 951 5205 


University of Birmingham 

http://www. punit.bham.ac.uk/vacancies/ 
Please quote ref. S43262 

Tel: 0121 414 2931/Fax: 0121 414 4802 


Closing date: 30 April 2008. 


http://jobs.notti 
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Friedrich-Alexander-University of Erlangen-Nuremberg, Germany 
‘The Faculty of Natural Sciences invites epplicetions for a tenured 


W3-Professorship for Bioinorganic Chemistry (chair) 


in the Department of Chemistry and Pharmacy. 
The newly established chair of bioinorganic chemistry is expected to adequately 
represent both research and teaching functions, The main research focus should ie 
on bioinorganic chemistry. A matter of particular interest are mechanistical studies 
‘on the activation of small molecules by biomimetic catalysts as well as model 
systems. A collaboration with the SFB 583 “Redoxaktive Metallkomplexe - Redox 
‘Active Metal Complexes” will be required. 

‘Qualifications include university undergraduate and doctoral degrees, good teaching 
skills, and @ habiltation or equivalent other qualification, which may have been 
gained outside the University or within a “Junior Professorship”. 

‘At the time of appointment the candidate must not be older than 52 years of age. 
The Ministry for Scince, Research and Art may allow an exception in special 
‘eases, which has to be approved by the Ministry of Finance. 

The University of Erlangen-Nuremberg actively encourages applications from 
female candidates in an effort to increase female representation in research and 
teaching. 

Applications from the severly disabled having the same suitability for anpointment 
as other candidates will be given priority. 


The position isto be filed es soon as possible, 


Application documents (curriculum vitae, photograph, list of publications and 
teaching activities, certtied copies of degree certificates but no publications) end a 
brief statement of research interests must be sent by the latest April 24, 2008 to: 
Dekan der Naturwissenschaftlichen Fekultét der Universitit Exangen-Nomberg, 
Universiatsstr. 40, 91054 Elangen, Germany. 


Friedrich-Alexander-Universitat 
Erlangen-Niirnberg z 


‘| WWW.uni-erlangen.de 
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‘The Max Planck Institute for Immunobiology in Freiburg, Germany, offers a 


Postdoctoral Position 


which is for an initial two-years appointment with the possibility of extension. 
The position is available in the Department of Molecular Embryology (He: 
R. Kemer). 


The research activities of the department focus on E-cadherin-mediated cell 
adhesion and on Wnt/B-catenin signaling in mouse embryonic development 
(http://www.immunbio.mpg.de). 


Candidates with experience in these research areas will be at an advantage. 
Profound knowledge in protein biochemistry, cell and molecular biology, as 
well as in mouse developmental biology is required. 

Payment will be a postdoctoral fellowship of the Max-Planck Society, 
Women are especially encouraged to apply and handicapped applicants with 
equal qualification will be given preferential treatment. A childcare facility 
is attached to the Institute, Scientific business at the Institute is carried out 
in English. 

Applications (by e-mail) should include a curriculum vitae with names of 
three references and a list of publications. 


Max Planck Institute for Immunobiology, Personnel Department 
Stiibeweg 51, 79108 Freiburg, Germany 

or weigold@immunbio.mpg.de 

Applications will be accepted until June 30, 2008. 


For further information please contact Prof. Dr. Rolf Kemler (Phone: +49- 
761-5108-471; Fax: +49-761-5108-474; e-mail: kemler@immunbio.mpg.de). 
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UNIVERSITY OF HELSINKI 


The University of Helsinki is one of the leading multidisciplinary universities in Europe. The 
University has about 38,000 degree students and employs some 7,800 researchers, 
teachers and other professionals. It has 11 faculties and 19 independent institutes located 
‘on four different campuses. The University's strategic plan calls for maintaining a high profile 
in research and researcher education. 


‘The University of Helsinki invites applications for 


12 postdoctoral researcher positions 

‘The three-year term of office for successful applicants will begin on 1 Janusry 2009. The aim 
of the postdoctoral researcher positions is to encourage talented, recently graduated 
doctoral degree holders to seek further qualifications and become independent professional 
researchers. Applications are invited from persons whose research fields are represented at 
the University of Helsinki. 

1 The duties of the postdoctoral researchers include research according to the research 
plan submitted with the application, paricipation in the supervision of theses in their field 
and teaching related to their specialisation. Teaching duties account for no more than 5% of 
the appointees’ working hours. 

| The online application form and instructions are available at www.helsinki filiobs > 
Postdoctoral researcher > Application instructions..A list.of the documents to be submitted 
in addition to the online application form is included in the application instructions. Please 
submit six copies of the required documents to the following address: Registrar of the 
University of Helsinki, P.O.Box 33 (Yliopistonkatu 4), 00014 UNIVERSITY OF HELSINKI, 
Finland. 

I Applicants unable to use the online application form may request printed versions of the 
application form and instructions from the Registrar (hy-kijaamo@heisinki.f). 

i Applications may be submitted as of 28 March 2008. The application deadline is 
28 April 2008 at 3:45 p.m. (local Helsinki time). 

| For further information please contact tutkimusvarat@helsinki.fi 


Helsinki, 27 March 2008 
Administration Office 


www.helsinki.fi/university 


ZENTRUM FOR MOLEKULARBIOLOGIE DER PFLANZEN 
Universitit Tubingen 


There is an opening for an 


Independent Research Group Leader 


‘at the Department of Plant Physiology, Center for Plant Molecular Biology (ZMEP), 
University of Tubingen, The Center comprises four departments with a total of 
approximately 200 staff members, The successful candidate will be expected to 
establish a competitive research program in plant signal transduction with an 
‘emphasis on photoperception and signaling, to interact with other research groups 
at the ZMBP and to participate in teaching. The position will be vacant from 
October 1, 2008 and is limited to 6 years. Salary and social benefits are according 
to German A13aZ. The Center provides lab space with full equipment, a technician, 
funding for one PhD student, start-up money, an independent annual budget 
and shared equipment funds. The Research Group will benefit from the central 
service units of the ZMBP administration, plant transformation, cytometry/FACS, 
‘greenhouse, analytics, microscopy, computer support). job opportunities in Noture each 
For more information see http//www.uri-tuebingende/ZMBP week and on naturejobs.com 
Applications should be sent before June 15, 2008 to: 

Prof. Klaus Harter - Director of the ZMBP - Universitat Tabingen 


‘Auf der Morgenstelle 1 - 72076 Tiibingen : Germany 
Klaus.harter@zmbp.uni-tuebingen.de 


Don't miss the intoxicatingly good 


naturejobs 
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Newer 
scientists 


postgraduate 
opportunities 


UNIVERSITY OF KONSTANZ 


The University of Konstanz is one of nine top-level universities 
identified by the Excellence Initiative in Germany. The Zukunfts- 
kolleg is a central scientific institution of the University of Konstanz 
for the promotion of young scientists in the natural sciences, humanities, and 
social sciences and is an integral component of the institutional strategy »Modell 
Konstanz — towards a culture of creativity«. The Zukunftskolleg forms a platform 
for interdisciplinary discourse between excellent researchers in Germany and 
abroad and provides young scientists with resources for obtaining third party 
funding. 


‘The Zukunftskolleg of the University of Konstanz offers 


5 research positions 
(salary bracket 14 or 15 TV-L) 


for the development and implementation of individual research projects/research 
‘groups. The initial appointments will commence on October 1, 2008 and end an 
March 31, 2010. An extension for an additional 3.5 years is foreseen, provided 
that external third party funding has been granted. 


The Zukunftskolleg provides a professional infrastructure and an appropriate 
workplace for conducting research. A pool for funding cooperative projects, 
research assistants, research trips and the acquisition of equipmentis available. 
Additionally, fellows may nominate recognized experts in their field of research as 
senior fellows, who will be invited to Konstanz for a period of 3-12 months and 
‘who, in addition to their research work and involvement in cooperative projects, 
will advise young scientists belonging to the Zukunftskolleg. 


‘The prerequisites for acceptance are a doctoral degree and outstanding scientific 
qualification as documented by research activities and publications. International 
experience in teaching or research and a strong interest in interdisciplinary topics 
are desirable. Each fellow is a member of bath a department of the university and 
the Zukunftskalleg, Involvement in teaching is possible. The foreseen topical connec- 
tion of the project to the research profile of the University of Konstanz should be 
demonstrated in the project outline. Active participation in the regular weekly 
meetings of the Zukunftskolleg as well as residence in Konstanz is expected. 
The selection of the fellows will be made on the basis of the project outlines and 
‘a two-day workshop to be held on September 1-2, 2008 at the University of 
Konstanz. 

Information about the fellowships and additional opportunities for participation in 
‘the Zukunftskolleg can be found on our website; 
http:/Awww.uni-konstanz.de/zukunftskolleg 

The full version of this announcement is available at: 

hittp:/Am 
Applicants should send their application form (see www.uni-konstanz. de! 
zukunfiskolleg), their projact outline (maximum length 6 pages), a letter of moti- 
vation (one page), application documents (curriculum vitae, publication list, and 
degree certificates) and areading excerpt (maximum length 20 pages) as POF file 
to: zukunftskolleg@uni-konstanz.de 

Application deadline: May 31, 2008 


wze6en| 


Search over 5,000* scientific vacancies on 
naturejobs.com 


“Publisher's data 10 March 2008 


nature publishing group e 


The Remedios 
Caro Almela Prize 
for Research in 
Developmental 
Neurobiology 


YEAR 2008 


AN UNRESTRICTED AWARD OF 18,000€ FOR A EUROPEAN 
INVESTIGATOR WORKING IN DEVELOPMENTAL 
NEUROBIOLOGY, WHO IS PRESENTLY IN A HIGHLY 
PRODUCTIVE PERIOD OF HS/HER SCIENTIFIC CAREER 


Deadline: June 30th, 2008 


Application: prizerca@umh.es n 
Information: www.ina.umh.es 


Brain Bank Tender 


As part of our continuing commitment to build research capactty 
related to Parkinson's and multiple sclerosis, the Parkinson's 
Disease Society (PDS) and Multiple Sclerosis (MS) Society are 
inviting Expressions of Interest to host a brain bank. Researchers 
may apply to host a joint PDS/MS Society brain bank, a PDS brain 
bank only or a MS Society brain bank only. Multiple applications 
ate permitted. The grant is for five years and tenable at a UK 
institution only. 


The Specification Sheet and Expression of Interest 
form may be obtained from www.parkinsons.org.uk 
or www.mssociety.org.uk or by emailing 
research@parkinsons.org.uk 

Closing date: Friday 25 April 2008 

Parkinson's Disease Society of the United Kingdom. 

Charity registered in England and Wales No. 258197 

and in Scottand No, $CO37554, 


‘The MS Society is charity registered No. 207495. 


Parkinson's 
Disease Society 


Multiple Sclerosis Soctety 


“Our stand had aconstant queue of scientists at all levels and from all 
disciplines - we couldn't have hoped for a better target audience!” 
Lutz Peter Berg, Science & Technology Attaché, Swiss Embassy 
in London 


Exhibit at The Source Event 2008 
www.source-event.com 
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HOWARD HUGHES MEDICAL INSTITUTE 


HHMI Seeks Early Career Scientists 


The Howard Hughes Medical 
nstitute invites applications from 
highly promising scientists from the 
ull range of disciplines relevant to 
biological and medical inquiry who 
have led independent laboratories 
or two to six years. HHMI will 
provide flexible research support 


0 as many as 70 individuals. 


Eligibility 
s: Tenure-track or equivalent position at an 


eligible US. institution with a rank of assistant 
professor or higher 


5: Two to six years of experience since first 
appointment as an assistant professor 
or equivalent 


Candidates must indicate their intent to 
apply before submitting an application. 


Deadline for intent to apply: 
April 30, 2008, at 2:00 p.m. ET 


Application deadline: 
June 10, 2008, at 2:00 p.m. ET 


Intent to apply and application: 
www.hhmi.org/earlycareer2009/nat 


‘The HHMI Early Career Scientist Program comes 
ata critical time for the nation and the long-term 
health of its research infrastructure. The initiative 
reflects HHMI’s view that the constrained 
funding environment has inhibited the ability 

of highly creative academic scientists to establish 


and develop their research programs, 


HHMI will select up to 70 early career scientists 
who have led laboratories for two to six years 

at one of the approximately 200 U.S. medical 
schools, universities, and research institutes that 
are eligible for this competition. Early career 
scientists will receive nonrenewable six-year 
appointments to HHMI and substantial research 
support while remaining affiliated with their 
home institutions. Candidates must apply directly 


to HHMI. 


HHMI, a nonprofit medical research organization, 
plays a powerful role in advancing biomedical 
research and education in the United States. 
HHM1’s flagship program in biomedical 

research rests on the conviction that scientists of 
exceptional talent, commitment, and imagination 
will make fundamental biological discoveries for 
the betterment of human health if they receive 

the resources, time, and freedom to pursue 


challenging questions. 


‘The Howard Hughes Medical Institute is an equal 
opportunity employer. 


HHMI 


HOWARD HUGHES MEDICAL INSTITUTE 
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Strategic Translation Awards in Seeding Drug Discovery 


|=For full details of the applications 


eding Drug Discovery is a 
ive-year, £91 million initiative 
that funds academia and 
companies to establish two- to 
three-year projects that identify 
and optimise drug-like, small 
molecules in areas of unmet 
medical need. 


The deadline 

applications is 23 M. 

and decisions on shortlisted» 
applications will be made int 
November 2008- 


Previous awards have been made 
for projects tackling obesity, 
MRSA, Gram-negative bacteria, 
cancer and Alzheimer’s disease. 


-/»progess and previous awards 
"please visit: 


www.wellcome.ac.uk/funding/ 


technologytransfer/nrdd 
or contact us at: 


T 02076118202 
E techtransfer@wellcome.ac.uk 


‘The Wellcome Trust s a chatiy registered in England, no. 210783 


EUROSCIENCE 
CALLS FOR NOMINATIONS TO 
~ THE RAMMAL AWARD FOR 2008 


The Rammal Award, created in memory of the great 
Lebanese physicist Rammal Rammal (1951-1991), 
is awarded each year to an outstanding personality 
of strong scientific stature who, through his or her 
life and activity ina Mediterranean country (whether 
in fundamental or applied research, teaching, or the 
integration of knowledge), has elevated the level of 
scientific exchanges in this part of the world. 


Scientists of all disciplines may suggest names of 
nominees. Active scientists from any disciplinary 
background, including exact sciences, social 


sciences and humanities, are eligible. 
Organisations supporting similar objectives are also 
eligible, as well as  self-candidacies. Short 
recommendations for possible candidates, together 
with contact information should be sent, preferably 
via Email and by August 1st 2008, to: 


Dr. R. Lestienne, 
30 rue du Ranelagh, 75016 Paris (France) 
remy.lestienne@snv.jussieu.fr 


w12e4a04 


STEM 


International Symposium on “New Frontiers in Human Stem Cell Research” 
Beljing, China, April 19-23, 2008 
+ Your compiete resource for future research on stem cell applications. 


+ Aims to aise awareness for important issues that investigators should consider in stem cell 


‘and regenerative mecicine, from fundamental studies to clinical applictions. 
+ Discussion panels and lectures on stem cell biology as well as @ unique hands-on lab 
training session will be offered to prepare for the future leaders inthis fel. 
For further details, please visit the website at http:/Amww.ioz.ac.crvisctbanking2008 
and http:/DevBiology.shsmu.edu.cr/~vip/isctbanking2008 


sPr28642E 


Royal Society of Tropical Medicine and Hygiene 


50 Bedford Square, London WC1B 3DP | 
Thursday, 22nd May 2008 ae 
OPEN DAY 


CAREERS AND OPPORTUNITIES IN TROPICAL MEDICINE 
AND INTERNATIONAL HEALTH RESEARCH 
to be held at the 


Royal Geographical Society, London SW7 
For further details and a programme visit www.rstmh org 


ur2sease 


BENZON SYMPOSIUM No. 55 
Transcription, Chromatin and Disease 
spenhagen, August 18-21, 2008 


Oy 


www. benzon-symposia.dk 


Organizing committee: 
Kristian Helin, Jesper Q. Svejstrup 
& Arne Svejgaard 


Deadline: May 1, 2008 


wre7601e 
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COURSES AND CONFERENCES 


Genetics... illuminated. 


2008 Courses, Workshops, and Meetings 


Jan. 26-Jan. 27 


Feb. 12, 13, 14, 15 


Feb. 17-Feb. 19 


April 20-April25 


April 25-April 26 


April 30-May 2 


May 4-May 9 


May 16May 18 


May 27-May 29 


June 22-26 


June 30-July 3 


13th Annual Maine State Symposium on 
Osteoporosis, Sugarloaf USA* 


Advanced Surgical Techniques in Mice: 
Jugular Vein & Carotid Artery Cannalations, 
Scripps Research Institute, La Jolla, California 


Colony Management: Principles and 
Practices, Scripps Research Institute, La 
Jolla, California 


Workshop on Surgical Techniques in the 
Laboratory Mouse 


34th Maine Biological and Medical Sciences 
Symposium, Mount Desert Island Biological 
Laboratory 


Workshop on Shipping and Reconstitution 
of Cryopreserved Embryos 


Workshop on Cryopreservation of Mouse 
Germplasm 


Colony Management: Principlesand Practices, 
University of North Carolina, Chapel Hill 


Discovery Strategies Conference: Modeling 
Human Autoimmune Diseases in the 
Laboratory Rodent, Mission Bay Conference 
Center, UCSE, San Francisco* 


Comprehensive Approaches to the in vivo 
Assessment of Cardiovascular Function* 


Frontiers in Microscopy: Whole Animal 
Imaging 


= The 
| Jackson 
4 Laboratory 


Leading the search for tomorrow's cures 


(subjectto change) 


July20-Aug.1 49th Annual Short Course in Medical and 
Experimental Mammalian Genetics* 

‘Aug, 22-Aug. 31 17th Annual Short Course on Experimental 
Models of Human Cancer* 


Sept.2Sept.4 Genetic Basis of Work-Related Disease: 
Science, Ethics, and Policy* 


Sept. 4Sept.12 Genomic and Proteomic Approaches to 
Complex Heart, Lung, Blood, & Sleep 
Disorders* 


Sept. 15-Sept.19 Phenotyping Mouse Models of Human 
Lung Disease* 


Sept. 19-Sept.21 The Mouseas an Instrumentfor Ear Research III* 


Sept. 21-Sept. 27 7th Annual Workshop on the Pathology of 
Mouse Models for Human Disease, Cornell 
University College of Veterinary Medicine, 
Ithaca, New York* 


Sept. 23Sept.29 Short Course on Systems Genetics 


Oct. 15-Oct.18 — Methods in Human Embryonic Stem Cell 
Research 


Oct. 26-Oct.30 Workshop on Surgical Techniques in the 
Laboratory Mouse 


Nov. 16Nov.20 Colony Management: Principles and Practice 


All events are held at The Jackson Laboratory in Bar Harbor, Maine 
unless othemise specified. Details and updatesavailable online 
www.jax.org/courses, Dates subject to change. * CME information 
pending. 


600 Main Street 

Bar Harbor, Maine 04609-1500 

www.jax.org/courses 
coursesandconferences@jax.org wiemme 


Fondation IPSEN, Nature Medicine and Nature Immunology present: 


An Emergence & Convergence mini-symposium 
Multiple Sclerosis: From Pathogenesis to Therapy 


Multiple sclerosis is an inflammatory autoimmune disease targeting the central nervous system, leading to 
demyelination and axon degeneration and to severe disability as the disease progresses. Multiple sclerosis 
presents as a clinically heterogeneous disease, which has been problematic for efforts to develop appropriate 
animal models. Many environmental and genetic factors have been identified that may initiate disease. Various 
immune and neural cells have been found to play key roles in disease pathogenesis and progression. This 
Emergence & Convergence mini-symposium will address open questions in multiple sclerosis research, with 
the goal of identifying future directions that may lead to therapy. 


June 6, 2008 
Espace Charles-Louis-Havas, 
Paris, France 


CHAIR 
Jean-Francois Bach 
(Hépital Necker, France) 


SPEAKERS 

Burkhard Becher 

(Univeristy of Zurich, Switzerland) 

Christian Confavreux 

(Hépital Neurologique Pierre Wertheimer, France) 
Britta Engelhardt 

(University of Bern, Switzerland) 

Vijay Kuchroo 

(Harvard Medical School, USA) 

Roland Martin 

(Center for Molecular Neurobiology - Hamburg, Germany) 
Stephen Sawcer 

(University of Cambridge, UK) 

Kenneth J. Smith 

(University College London, UK) 

Larry Steinman 

(Stanford University, USA) 


ORGANIZER: 

Eva Chmielnicki 

(Nature Medicine, USA) 

Laurie Dempsey 

(Nature Immunology, USA) 

Wes Christen 

(Fondation IPSEN, France) 

Application and Abstract Submission deadline: 
March 31, 2008 


Attendance at this meeting is free on acceptance of application. 
To apply and for more information visit www.nature.com/natureconferences/eandc/MS 


anatureconlerence 


nature 


IPSEN medicine immunology 
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natureevents 


Directory 2008 
get your free digital edition! 


Events are essential for every scientist. From delegates discussing hot issues and opinion, through to 
networking and collaboration. Events provide a platform for learning and advancement. 


With a burgeoning number of events across the globe, where can you find a complete resource to ensure you attend 
the right events in 2008? 


The Natureevenis Directory is published once a year and covers a complete range of scientific events, conferences and 
courses around the world. 


Plan your year ahead, go to www.natureevents.com and download the digital edition of the 2008 Natureevents 
Directory for free. 


If you are interested in advertising an event please call +44 (0)20 7014 4015 
for US please call +1 800 989 7718 or email natureevents@nature.com 


www.natureevents.com 
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ESF RESEARCH CONFERENCES 


2008 Programme 
now available! 


The 2008 ESF Research Conferences Programme is now open and accessible online from www.esf.org/conferences/2008. 

The ESF Research Conferences Scheme (www.esf.org/conferences) provides European and international scientists, including young 
researchers, with an informal discussion framework in attractive, remote venues for exploring the latest developments in their areas of 
research. They promote synergy and the creation of new scientific communities on topics that range over all disciplines, from Physics to 
Humanities. Intetdisciplinary approaches are encouraged as appropriate ll It develops principally through the establishment of long-term 
partnerships between the ESF and national and international orgarisations, including universities ll ESF Research Conferences are open 
to scientists world-wide, whether from academia or industry. Conferences generally last for four or five days and up to 150 participants 
and invited speakers may attend ll Closing date for applications: 3-4 months prior to a conference. 


LIROPEAN 
CENCE 
 OUNDATION 


SETTING SCIENCE AGENDAS FOR EUROPE 


CALENDAR OF EVENTS 


@ Quantum Optics: From Photons and Atoms to Molecules and Solid 
State Systems, Austria, 24 February-1 March ll Rare Diseases: 
Channels and Transporters, Spain, 8-12 March ll Robotics: Experimental 
Cognitive Robotics, Japan, 9-15 March ll Molecular Bioenergetics 

of Cyanobacteria: Towards Systems Biology Level of Understanding, 
Spain, 29 March-3 April l Antiviral Applications of RNA Interference, 
Spain, 5-10 April ll Systems Biology, Spain, 12-17 April MB Cells 2008: 
Complexity, Integration & Translation, Spain, 16-21 May ll Natural 
Products Chemistry, Biology and Medicine, Italy, 18-23 May ll High- 
Pressure Physics", UK, 26 May-6 June lll The Transfer of Resources 
across Generations: Family, Income, Human Capital and Children’s 
Wellbeing, Sweden, 9-13 June ll Nanotechnology for Sustainable 
Energy, Austria, 14-19 June ll Theory and Particle Physics: The LHC 
Perspective and Beyond’, France, 14-26 June ll Operator Theory, 
Analysis and Mathematical Physics, Bedlewo, Poland, 15-22 June ll 
Pharmacogenetics and Pharmacogenomics: Adverse Drug Reactions, 
Spain, 27 June-2 July ll Non-Gommutative Harmonic Analysis with 
Applications to Probability, Bedlewo, Poland, 17-23 August 


‘At the interface of Structural Biology, 
/ = Chemical Biology, Bioinformatics and 
Biophysical Chemistry’ 


“ISMB’ 


Institute of Structural Molecular Biology 
3rd Symposium | 19 — 20 June 2008 


The Institute of Structural Molecular Biology (ISMB) at UCL and Birkbeck is 
pleased to announce its 3rd international symposium. 

It will be held on 19-20 June 2008 at University College London. We are 
delighted to announce the following programme: 


Chemical Biology 


Peter Seeberger ETH Ziirich, Switzerland 

Stefan Howorka University College London, UK. 

Tom Muir ‘The Rockefeller University, USA 

Structural Biology 

‘Stephen Harrison Harvard University, USA 

Neil McDonald Birkbeck College London, UK 

Mare Baldus Max Planck Institute for Biophysical Chemistry, 
Germany 

Biophysics/Proteomics 

Ruedi Aebersold ETH Ziirich, Switzerland 

‘Carlos Bustamante University of California, Berkeley, USA 

Peter Rich University College London, UK 

Bioinformatics 

Peet Bork EMBL, Germany 

Irilenia Nobeli Birkbeck College London, UK 


Michael Sternberg Imperial College, UK 


Plies for the Symposium are limited. If ou would like to attend please send an email to 
Anne-Cécile Maffat by 16 May (ismb-admin@ismbon.ac.uk) to register and to receive 


further details. www.itmb,lon.ac.uk/s ur hem! 


ed 


i maging War: Intergenerational Perspectives, Sweden, 3-7 September 
li Reforming the European State System in the Long Eighteenth 
Century, Sweden, 10-14 September ll Bacterial Networks, Spain, 
48-18 September ll Nanomedicine, Spain, 19-24 September ll Systems 
Chemistry, Italy, 3-8 October ll The Right of the City: Challenges 
to the State, Sweden, 11-15 October ll New Challenges in Earthquake 
Dynamics: Observing and Modelling a Multi-Scale System, Austria, 
18-23 October ll Protein Design and Evolution for Biocatalysis, Spain, 
25-30 October ill Biobanks, Spain, 1-6 November ll Chemical Control 
with Electrons and Photons, Austria, 22-27 November ll 26" Jerusalem 
Winter School in Theoretical Physics: String Theory and LHC’, Israel, 
29 December-8 January 
* ESF Summer/Winter Schools in Physics 

For further information, please visit www.esf.org/conferences 

or send an emailto conferences@esforg 

European Science Foundation | ESF Research Conferences 

149 avenue Louise | Box 14 | 1050 Brussels | Belgium 

Tel.: +32 (0)2533 2020 | Fax: +32 (0)2538 8486 

www.esf.org/conferences 


The Annual Harvard/Paul F. Glenn 
sy ium on Aging 
\June 23rd, 2008 


‘Tom Rando (Stem Cells and Aging) 
Gary Ruviun (Energy Metabolism and Lifespan) 
‘Scott Lowe (Senescence, heterochromatin and Aging) 
Jan Vijg (DNA Damage as aDriver of Aging) 
Heidi Tissenbaum (Fat & Lifespan regulation in C elegans) 
3! Finkel (Linking §-catenin and Aging) 
Keith Blackwell (Skn-1 in Longevity and Stress Resistance)| 
and 
Lenny Guarente (Chair of Discussion Panel) 
with Richard Miller & David Sinclair on 
“ls aging simply a collection of predictable diseases?” 


Pre-Register online 
wyew.hms.harvard.edu/agingresearch 


‘The Joseph B, Martin. Conference Center 
New Research Building, 
Harvard Medical School 

Boston, Massachusetts, U.S.A." 
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Acting up 


Never work with children or animals. 


Elizabeth Counihan 


To: lukas@dreamlightfilms.org 
From: william@londonthesps.co.uk 
4/1/2015 — 21:15 GMT 


Hi Luke, 

How’ it going down there in sunny LA? 
Now you know me, Luke, I never moan, 
but I have some problems up here that I 
hope you can fix. 

Tm not complaining about the shuttle 
sickness, My fault — should 
have taken a pill, but it was my 
first trip and we're not all old 
hands at weightless travel like 
you! And I wasn't the only one 
either. 

Don't get me wrong. I love 
animals. I own two beautiful 
cats back in London. But that 
poor dog did throw up all over 
me just as I was getting used 
to the eating arrangements on 
the spacecraft. I noticed that 
Donita had two whole passen- 
ger bays to herself. I realize she’s 
the star of the movie but Toto 
is her pet, so why did I have 
to share a back seat with him? 
I don't think he meant to bite 
me, not enough to draw blood 
anyway. Donita told me not to 
worry about rabies and blood 
poisoning as “Darling Toto has 
hadall his shots as he travels everywhere 
with me” Then she asked meif I had had 
all mine, as she didn't want Toto to catch 
acold from me! Like I said, I’m absolutely 
great with kids and animals. And Donita 
is so talented. I did admire her in Space 
Orphans — those big blue eyes! Wonder- 
ful how the camera just loves some people 
who look quite ordinary when you see 
them for real. 

Iwas amazed to find so many tourists on 
the Moon, even with the new cheap shut- 
tle flights. (I couldn't believe it — bungee 
jumping at 1/6th gee!) Donita was sur- 
rounded by fans. Well, I suppose she is 
still a ‘child star, although she must be at 
least 15, But no time to sign autographs. 
Merle had us all packed into our trailers 
and out to the location before you could 
say “Cut”! Merle is awonderful director, so 
enthusiastic, almost like someone direct- 
ing their first feature film. I watched out 
of the trailer window, very happy to pick 
up tips on low-gravity acting from such an 
old hand as Donita. Toto looked so cute 


bouncing around in his pooch-suit! 

By the time I was needed I was ready 
for a coffee break. But the show must go 
on! They put me in this crazy rubber out- 
fit with an incorporated oxygen pack. I 
had quitea shock, Luke. I didn't realize 
was expected to play a Moon tree! I told 
Merle the concept was ridiculous. Every- 
one knows there are no trees on the Moon, 
Merle wasvery short — told me to shut up 
and act! I told her I was a highly trained 
professional with years ofexperience and 


she said I was a pompous Brit! This is not 
whatI’m used to. But I did as she said — 
bouncing about like a rubber ball with alot 
of other ‘trees. I felt a complete idiot! 

Donita sang one of the main numbers 
from the show, asking Toto to protect her, 
but we had to have several takes because 
Toto quite lost control and kept jumping 
around us like he was on springs. We all 
heard his yapping over the sound system. 
Ithink he took us for real trees. 

Inthe evening] felt one of my migraines 
coming on, but they told me the studio 
doctor was attending Toto for ‘a nery- 
ous breakdown, so I had to retire to bed 
without the benefit of medical help! It was 
disappointing to find I was room-sharing 
with another tree — an absolute nobody 
on his first professional job. I had to com- 
plain. I do have my reputation to live up 
to, But apparently nothing could be done. 
Time pressure. The bottom line, 

Atleast we were inside the complex for 
today’s schedule, so no need for pressure 
suits. A dresser appeared and glued me 


into another rubber costume. This time I 
‘was supposed to be a Moon zombie, what- 
ever that is. 

Tasked Merle why we couldn't stay 
on Earth and use CGI like in the good 
old days, and save the real actors for 
real acting. She looked at me like I was a 
cockroach and told mea) CGI technicians 
were a lot more expensive than rookie 
actorsand old has-beens and b) there were 
great tax breaks for movie makers filming 
at the Moon colony and we had one week 
tocomplete the shoot, so would 
I kindly not waste any more 
ofher time! I was most insulted 
and felt another headache 
coming on. 

This evening I felt happier. 
We were, at last, able to meet 
our fans. Donita was sur- 
rounded by autograph hunters. 
of course. Then a delightful 
elderly couple came up to me 
waving an autograph book. 
They had seen my Hamlet on 
tour with the Shakespeare Play- 
ers years ago out in Canada, I 
had just found a pen when Toto 
came rushing up, barking furi- 
ously. He suddenly recognized 
measa ‘tree’ and treated my leg 
like one. This time he wasn’t 
wearing his pooch-suit. I was 
mortified! Hearing the fuss, 
Donita ran up and gave mea 
furious look as if it was my fault. So I was 
left there holding my pen while everyone 
hada good laugh! 

Luke, this gig isn’t quite what I thought 
Td signed up to. 

My tuxedo is ruined, 

Best, 

William 


‘To: william@londonthesps.co.uk 
From: lukas@dreamlightfilms.org 
4/1/2015 — 22:00 GMT 


Hi William, 

You're fired. Merle e-mailed me. She has 
found a dog-owning Greenpeace activist 
who’ very happy to play a tree. ll buy you 
anew tuxedo, 

Best, 

Luke . 
Elizabeth Counihan has had stories 
published in Asimov's, Realms of Fantasy, 
Interzone and several anthologies. She edits 
the British fantasy magazine Scheherazade, 
‘She used to be an NHS family doctor. 
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Aiming high 


The frontier of high-throughput screening technology 


High-throughput screening (HTS) has been made feasible through 
advances in robotics and high-speed computer technology. While 
automation is an important element in HTS, the smaller elements such 
as plates and pipettes are also key to carrying out a successful assay. 
Today, drug development companies have the technology available to 
routinely screen hundreds of thousands of compounds per day, but 
researchers still face some challenges. These challenges lead to 
continued innovation and improvement in the products available. 


Genomics and proteomics 

Takara Bios e2 TAK DNA Polymerase is a 
novel, economical PCR enzyme which 
provides excellent product yield, sensitivity, 
and length (up to 8KB of human genomic 
DNA) for routine and high throughput PCR 
applications. e2TAK also possesses superior 
priming efficiency, resulting in reduced 
annealing times and lowered total reaction 
times, e2TAK can be substituted for 
standard Taq Polymerase in a variety of 
general PCR experiments, providing 
improved efficiency, speed and performance 
at reduced cost. e2TAK is supplied with 
buffer and high-purity dNTPs. 

OriGene Technologies’ Genome wide 
Full-length cDNA (GFC) Transfection 
Array is an innovative tool for high- 
throughput gene screening of functional 
activity. GFC-Transfection arrays are a 
much quicker, easier and more 
comprehensive alternative to the traditional 
method of testing individual genes one by 
one. The arrays are multiwell plates with a 
standardised amount of a unique, 
expression-ready, full-length cDNA clone in 
each well. Researchers can screen hundreds 
to thousand of genes by simply adding a 
transfection reagent and cultured cells 
before performing any number of 
functional, cell-based assays. With over 
30,000 full-length expression-ready CDNA 
clones available, OriGene offers a wide and 
customisable selection of GFC-Transfection 
arrays for nearly any application. 


In collaboration with BioTrove, Applied 
Biosystems will develop and market 
custom-built arrays of TaqMan’ SNP 
Genotyping Assays pre-loaded on 
BioTrove's OpenArrayT platform. This 
platform will integrate the ease-of-use, 
accuracy, and reproducibility of Applied 
Biosystems’ TagMan SNP Genotyping 
Assays with BioTrove's flexible high-density 
assay format, enabling researchers to rapidly 
perform high-throughput genotyping 
studies at a lower total cost compared to 
alternative commercially available methods. 
‘The genotyping platform provides an 
extremely fast, high-throughput screening 
and validation tool for researchers in 
agricultural, pharmaceutical, and other 
commercial industries, as well as academic 
institutions. "By streamlining researchers’ 
genotyping workflows, we are accelerating 
the discovery and utilisation of science, 
impacting public health in many ways; from 
healthier foods to better healthcare," said Al 
Luderer, Ph.D., president and CEO of 
BioTrove, Inc. 

Pronostics’ disease screening platform 
UltraPlex” IMMUNOMICS can be used to 
diagnose many different complex diseases in 
asingle blood test. The platform comprises 
the Ultraplex™ assay, which is able to 
accurately screen many tens of assays 
simultaneously using a digitalised ‘barcode’ 
system, and the molecular profiling or 
‘biological fingerprinting’ platform, 
Fingerprint” IMMUNOMICS, which can 
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Pipet Lite Adjustable Spacer Pipette from RAININ 


cost-efficiently and rapidly generate 
biological profiles for any disease that causes 
a response from the immune system. Using 
its library of protein biomarkers, Pronostics 
is able to test for a number of diseases from 
a single drop of blood, providing a real-time 
immunological profile allowing rapid and 
inexpensive diagnosis. In addition, the 
Immunomics approach can be used to 
monitor the effects of therapeutic 
interventions, allowing treatment to be 
tailored depending upon the patient's 
immune response. 


Cellular analysis 

Beckman Coulter has integrated its Cell 
Lab Quanta SC MPL into a fully automated 
‘seed and feed’ cell culture system. The 
integrated system provides data and cellular 
growth parameters for the evaluation of 
clone selection, cell expansion and protein 
expression results. The Quanta SC MPLis 
integrated online with other peripheral 
devices and a robotic arm that moves cell 
culture plates to the flow cytometer for 
analysis. Data from the analysis is 
automatically captured by the Quanta SC 
MPLs software for real-time and subsequent 
analysis and interpretation. The ability to 
integrate this advanced flow cytometer 
provides an expanded range of 
measurements for high-throughput 
walkaway cell analyses, including measures 
such as cell count and viability, apoptosis, 
cell cycle and cell surface markers, 

These applications produce data which 

are valuable in monitoring and process 
optimisation during the drug discovery 
and development process. 

Promega Corporation, recently 
launched its CytoTox-Glo Assay. Whether 
monitoring chemical toxicity, anti-cancer 
drug efficacy or cytokine response, the 
CytoTox-Glo Assay provides a highly 
sensitive, simple, luminescent method that 
allows the user to detect small changes in 
cell viability. The assay measures a distinct 
‘dead-cell' protease biomarker released from 
cells that have lost membrane integrity, a key 
indicator of cytotoxicity. The assay uses a 
peptide substrate, that after cleavage by the 
‘dead-cell' protease, releases luciferin. This is 
a substrate for a proprietary thermostable 
luciferase (Ultra-Glo” Recombinant 
Luciferase). The luciferase/luciferin 


‘Beckman Coulter’ Cell Lab Quanta SCMPL 


reaction produces light in the form ofa 
stable ‘glow-type‘ luminescent signal. The 
intensity of the signal correlates with dead- 
cell number. The CytoTox-Glo Assay has a 
large dynamic range with excellent linearity, 
providing unprecedented sensitivity in 96- 
well plates or high-density formats. The 
high sensitivity and scalability minimises 
both the number of cells required and the 
amount of compound used, This results in 
reduced cell culture and compound costs. 


Accessories 

Genevac’s HT-12 Series II systems are 
designed to provide the ideal solution for 
evaporation bottlenecks in high throughput 
and production laboratories. The versatile 
system offers options for integration into 
automated environments, for handling 
potentially explosive solvents anda version 
for use with strong acids. The HT-12's high 
performance and high sample capacity 
make itideal for applications including fast 
lyophilisation, combinatorial chemistry, 
parallel synthesis, compound purification, 
plate re-formatting, and plate replication 
that require high throughput evaporation. 
‘The unique design of the HT-12 multilayer 
rotor ensures efficient use of valuable 
laboratory bench space as well as providing 
high performance and efficient evaporation. 
Incorporating the latest scroll pump 
technology, the HT-12 Series II does not 
require any pumping fluid or lubricant in 
order to operate which increases operational 
uptime and makes the system ideal for use 
in harsh chemistry environments. 

Glen Spectra has introduced a new 
range of high throughput QuantaMAX. 
filter sets, the latest in a long line of 
microscopy filter set innovations, 
QuantaMAX sets enable very weak 
fluorescence signals to be easily imaged and 
visualised. The QuantaMAX filters give the 
highest transmission and deepest blocking 
currently available in the marketplace 
resulting in the brightest image with the 
darkest contrast. Filter set performance and 
high throughput are a function, not just of 
peak transmission, but also of deep 
blocking. QuantaMAX provides extremely 
high signal-to-noise ratio, allowing very 
weak signals to be detected, a critical factor 
for confocal, multiphoton, live cell and in 
vivo applications where photons are scarce 


"By streamlining 
researchers' 
genotyping 
workflows, we are 
accelerating the 
discovery and 


utilisation of 
science, impacting 
public health in 
many ways; from 
healthier foods to 
better healthcare 


Al Luderer,Ph.D,, president and CEO of BioTrove, Inc. 


and exposure times critical. The use of state- 
of-the-art Energetic Process coatings which 
are stable, mechanically robust and 
hygrophobic gives an extremely long life 
filter even in the harshest environments. 
Zero pixel shift is standard in these high 
performance sets. The multi-substrate 
construction provides protection from 
mechanical abrasion while maintaining the 
high wavefront integrity required in 
imaging applications. 

RAININ’s new Pipet-Lite® Adjustable 
Spacer Pipette allows fast format change for 
multi-well plates. 

Pipet-Lite Adjustable Spacer, the newest 
addition to RAININ’ line of manual 
multichannel pipettes, lets the user easily 
and rapidly change nozzle spacing between 
9-14 mm (8-channel) or 9-19mm (6- 
channel) to accommodate work processes 
involving different plate and tubing formats, 
e.g,, microcentrifuge tubes, 24, 48, and 96- 


well plates. Precise cam-actuated spacing 
adjustment allows reproducible spacing at 
any point between maximum and 
minimum positions. The LTS* Tip Ejection 
System ensures correct tip sealing for 
consistent sample pick-up. 


‘Companies listed in editorial: 


Applied Biosystems - 
‘wwwappliedbiosystem 


Beckman Coulter - www.beckmancoulter.com 


Rainin - www. 
‘Takara Bio - www.takara 


“This article vas compiled by College Fill and submitted 
to Nature. thas not been written by or reviewed by the Nature 
editorial feam and Nature takes no responsibility forthe 
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PROSPECTS 
The future of US 
health care 


SPECIAL REPORT 
Vaccine development 


COMING SOON 
Bangalore (3 April) 


ONE GREAT IDEA. 
TWO PAGES TO FILL OUT. 
$100,000 TO PROVE IT. 


Grants available now to help solve some of the grand challenges in global health. 


The Bill & Melinda Gates Foundation seeks novel ideas from every 


scientific discipline as part of its new grantmaking initiative. 


Jerated approach to 


We require only a short, age application, and no preliminary data. 


‘ants multiple times per year at approximately $100,000 each, 
ditional funding of $1 million ot mote for projects that 


show promise. 


The first round of proposals will be accepted through May 30, 2008. 


www.gcgh.org/explorations 


Grand Challenges | expLoraTIONS 


TrueORF 


for tagged protein expression 


TrueORF enables the expression of the encoded transcript as a 
C-terminally tagged protein with Myc and FLAG® epitopes, facilitating 
multiple applications that utilize an anti-tag antibody, such as 
protein detection, protein purification, subcellular localization, etc. 


Genome-wide coverage 

Sequence verified and guaranteed 

The C-terminal dual tag of Myc and FLAG? 

Transfection-ready: Provided as 10 ug of purified plasmid 

Easy shuttling into 20 tagged vectors using PrecisionShuttle™ system 


FLAG®isareqistered trade mark of Sigma-Aldrich 


anti-His 
anti-HA 
anti-Myc 
anti-Flag 
anti-BTK 
anti-BLK 


Nags Tag(s) 


*- BLK 


His HABLK 


HA-BLK 
Myc-FLA\ 


z 
z 
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‘ell ysate overexpressing BLK or 
BTK tagged with indicated epitopes. 
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Did you know 


that one in ten people 
lives on an island? 


And that Sigma-Aldrich is everywhere there's science. 


Research projects today are often cooperative efforts of labs in several countries on different continents. Even if you’re 
poles apart from your colleagues, our worldwide reach offers your entire team the same quality products and service 
24/7. All our products share Sigma-Aldrich’s core strengths of responsive technical service, content-rich Web site, 
customized Internet-based procurement solutions for your business staff - and our ability to deliver your products on 
time anywhere in the world. 


gsigma @aALORICH QYSUPELCO Qi Eluke 


sigma-aldrich.com SIGMA -ALDAICH ie 


